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Summary

The first edition of the HSM included safgigrformance functions (SPFs) for roadway

segments and intersections. However, not all iatgien types are coveredtime first edition of

the HSM. This research was conducted to dgv8IBFs for new intersection configurations and
traffic control types not covered the first edition of the HSMpr consideration in the second

edition of the HSM. Based on input received through a survey of state and local agencies as well
as the research project panel, SPFs wereldped for the following general intersection
configurations and #ffic control types:

€ Rural and urban all-way stop-controlled intersections

€ Rural three-leg intersections with signal control

€ Intersections on high-speed urban and subualbi@nials (i.e., roadways with speed limits
greater than or equal to 50 mph)

€ Urban five-leg intersections with signal control

€ Three-leg intersections whethe through movements make turning maneuvers at the
intersections

€ Crossroad ramp terminals at degoint diamoud interchanges
€ Crossroad ramp terminals at tight diamond interchanges

The research team coordinated with severat stgéncies to locate candidate intersections for
use in developing the SPFs. Site characteristicwata collected for all candidate intersections
to select a final list of sites for model dey@inent. In addition, crash and traffic volume data
were assembled for model development.

The specific intersection configurations and taéfontrol types and sefty levels for which
SPFs were developed and recommended for consideration in the second edition of the HSM
include:

Intersections with All-Way Stop Control

€ Four-leg all-way stop-controlled irmgections on rural two-lane highways
- Total crashes
€ Three-leg all-way stop-contited intersections on ban and suburban arterials

- Fatal-and-injury (FI) crashes
- Property-damage-only (PDO) crashes

€ Four-leg all-way stop-controlled intexstions on urban argiburban arterials

- Fl crashes
-  PDO crashes
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Rural Three-Leg Intersections with Signal Control

€ Three-leg signalized intersectioas rural two-lane highways
- Total crashes
€ Three-leg signalized intersectioas rural multilane highways

- Total crashes
- Fl crashes

Intersections on High-Speed Urban and Suburban Arterials

€ Three-leg stop-controlledt@rsections on high-speedoan and suburban arterials

- Multiple-vehicle (MV) total crashes
- MV Fl crashes

- MV PDO crashes

- Single-vehicle (SV) total crashes

- SV Fl crashes

- SV PDO crashes

€ Three-leg signalized intersections ligh-speed urban arsdiburban arterials

- MV total crashes
- MV Fl crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

€ Four-leg stop-controlled tarsections on high-speedan and suburban arterials

- MV total crashes
- MV FlI crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

€ Four-leg signalized intersections bigh-speed urban arsdiburban arterials

- MV total crashes
- MV Fl crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes
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Five-Leg Intersections with Signal Control

€ Five-leg signalized intersectios urban and suburban arterials

- MV total crashes
- MV FlI crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

Three-Leg Intersections Where the Through Mvement Makes a Turning Maneuver at the
Intersection

€ Three-leg turning intersectiomms rural two-lane highways
- Total crashes
€ Three-leg turning intersectiols urban and suburban arterials

- MV total crashes
- MV Fl crashes

- MV PDO crashes
- SV total crashes

- SV PDO crashes

Crossroad Ramp Terminals at Sagle-Point Diamond Interchanges

€ Crossroad ramp terminals at degoint diamond interchanges

- Fl crashes
- PDO crashes

Crossroad Ramp Terminals at Tight Diamond Interchanges

€ Crossroad ramp terminals at tight diamond interchanges

- Fl crashes
- PDO crashes

In addition to formulating new SPFs, development of SDFs for the new intersection
configurations and traffic control types was expl for potential use in combination with the
SPFs to estimate crash severity as a functiqgeometric design elements and traffic control
features. However, due to challenges and inconsistencies in developing and interpreting the
SDFs, it is recommended for the second editibthe HSM that crash severity for the new
intersection configurationand traffic control types be addised in a manner consistent with
existing methods in Chapters 10, 11, and 12 of tiseddition of the HSMwithout use of SDFs.

Draft text recommended for consideration in$keond edition of the HSM is provided as an
appendix to the report. In addition, theesmisheet tools developed as part of NCHRP
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Project 17-38 were updatedit@orporate the new intergen crash prediction models
developed as part of this reseh including intersections witil-way stop control, three-leg
intersections with signal control on ruraghivays, intersections on high-speed urban and
suburban arterials, five-leg intersectionsq éhree-leg intersectis where the through
movement makes a turning maneuver at thersection; and an umtked version of the
Enhanced Interchange Safety Analysis Tool (T8Athat includes a module for ramp terminals
and excludes modules for freeways and rampsmeadified to incorporate the new crash
prediction models for ramp terminals at singtEnt diamond interchanges and tight diamond
interchanges.
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Chapter 1.
Introduction

1.1 Background

In May 2010, the American Association$ffate Highway and Traportation Officials

(AASHTO) published the first editn of the HSM. This was an important step forward in
providing quantitative safety aryais tools to inform decisions made by transportation agencies.
HSM Part C includes predictive mheds that can be used to aiftate the safety performance of
new facilities, assess the safety performanaxting facilities, or estimate the expected
effectiveness of proposed imprornents to existing falities. The HSM has become a key safety
prediction tool, and state trspportation agencies are gaigiexperience using the HSM in
different planning and pregt contexts. In preparing the fiesdition of the HSM, decisions that
determined which facility types would be adssed by the predictive methods chapters were
made based on availability of data, funding limaa#i, and highway agency priorities. Since the
preparation and publication of the first edition of the HSBleral National Cooperative
Highway Research Program (NCHRP) projd@se been funded to expand the safety
knowledge and improve the crash prediction methpwdsided in Part C of the first edition of
the HSM.

The HSM Part C presents predictive methods for estimating the expected average crash
frequency for specific intersection configuratiars traffic controlypes. The HSM Part C
methods can also be applied to multiple roadway segment and interséesaio estimate the
safety performance at the project, corridornetwork levels. The estimation of expected
average crash frequency witretRart C methods uses a conalbion of SPFs, crash modification
factors (CMFs), calibration factors, and (when applicable) obderkash data. Table 1 shows
the intersection configutians and traffic control types fevhich models are available in the
HSM Part C chapters (Chapters 10, 11, ancah®)the 2014 Supplement to the HSM (Chapter
19) (AASHTO, 2014), which includes crossroathpaterminal models. In summary, the first
edition of the HSM provides thmpability to analyze the safgbgrformance of approximately
thirteen intersection configurations and traffontrol types. Many tersection and traffic

control types such as all-way stop-controliegrsections and rurthree-leg signalized
intersections are notldressed within the fitedition of the HSM.

Table 1. Intersection types addr essed by predictive methods in the first edition of the HSM

) HSM Chapter
Intersection Type

10 11 12 19
Three-leg intersections with stop control on minor approach X X X
Four-leg intersections with stop control on minor approaches X X X
Three-leg intersections with signal control X
Four-leg intersections with signal control X X X
Diamond ramp terminals at crossroad X
Parclo ramp terminals at crossroad X
Free-flow ramp terminals at crossroad X

The science of crash frequerediction and crash severityagliction has evolved as the HSM
was developed. The earliest HSM Part C ¢diap-Chapter 10 on rural two-lane, two-way
roads—was developed as a prototype with ne research beyond what was available at the
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time of its development. It contains SPFsdtircrash severities combined, with tabulated
severity distributions in the form of proportioagailable to separathe total crash frequency
predictions into crash frequensi®r individual crash severitgvels. HSM Chapters 11 and 12
contain separate SPFs by crasvesigy level. HSM Chapter 19 for ramp terminals contains SPFs
to predict the frequency @il FI crash severity levels comleith and then implements crash SDFs
to separate the Fl crash frequgmntto frequencies by individualeverity level as a function of
ramp terminal characteristics. Table 2 summarizegreatment of crash severity in the various
HSM Part C chapters.

Table 2. Treatment of severity in current HSM models

HSM Chapter Treatment of Severity
10 Tabulated crash severity distributions
11 Separate SPFs for KAB and KABC crashes
12 Separate SPFs for KABC and PDO crashes
19 SPFs for FI crashes with crash SDFs and SPFs for PDO crashes

Crash severity levels: fatal (K), incapacitating injury (A), non-incapacitating injury (B), possible injury (C), and PDO.

In terms of addressing crash types within the HSM predictivaadstfor at-grade intersections,
Chapters 10, 11, and 19 use tabulatellision type distributions that can be applied to crash
predictions of all cdision types combined, while HSM Chap 12 contains separate SPFs for
predicting single- and MV crashes at intersections.

CMFs are used in the existing crash predicti@uets to account for the effects of intersection
skew angle, presence of lefind right-turn lanes, signal @sing, right-turn-on-red, red light
cameras, and lighting.

This report presents research conductatkielop crash prediction models for additional
intersection configuratiornand traffic control types not currentlgldressed in the first edition of
the HSM.

1.2 Research Objective and Scope

The objective of this researgfas to develop new intersection crash predictive models for
consideration in the seed edition of the HSM that are corsist with existing methods in HSM
Part C and comprehensive in their ability to address a wide rangerséttten configurations
and traffic control types in ral and urban areas. The mairds of the research was on:

€ Developing SPFs for intersection configuratiamsl traffic controtypes not currently
addressed in the HSM Part C.

€ Developing SDFs to be used in combinatiath SPFs to estimate crash severity as a
function of geometric design elenterand traffic control features.

The crash prediction methods developed inrsearch include SPFs, CMFs, and SDFs as
applicable in a format consistent with the peéde models in the existing HSM Part C and the
2014 Supplement to the HSM (Chapter 19). atd methodologies used to develop the
predictive models consider traffvolumes on all inteesting roads and streets as well as design
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elements and traffic control features considdrg@ngineers and plaers during the project
development process. Roundabouts are not addressias research, as new crash prediction
models were recently developed fmssible inclusion in the saed edition of the HSM as part
of a separate study (NCHRP Project 17068yelopment of Roundabout Crash Prediction
Models and Methods

Crash prediction models were developed forftilewing intersection condgurations and traffic
control types for consideration the second edition of the HSM:

€ Intersections withall-way stop control

- Rural four-leg intersectionsith all-way stop control
- Urban and suburban three-leg intmtsons with all-way stop control
- Urban and suburban four-leg intecsions with all-way stop control

€ Three-leg intersections witkignal control on rural highways

- Three-leg intersections with sigr@introl on rural two-lane highways
- Three-leg intersections with sigr@ntrol on rural multilane highways

€ Intersections on high-speedoan and suburban arterials

- Three-leg intersections with minor road stop control
- Three-leg intersectionsith signal control

- Four-leg intersections with minor road stop control
- Four-leg intersectionwith signal control

€ Urban and suburban five-leg indections with signal control

€ Three-leg intersections wheethe through movements make turning maneuvers at the
intersections

- Three-leg intersections aaral two-lane highways
- Three-leg intersections arban and suburban arterials

€ Crossroad ramp terminals at degoint diamoud interchanges
€ Crossroad ramp terminals at tight diamond interchanges

NOTE: A crash prediction model for three-leg allynstop-controlled inteections on rural two-
lane highways was developed as part of thisaesh and is included this report, but due to
limited sample size the model was not recommdrideconsideration ithe second edition of
the HSM.

1.3 Overview of Research Methodology

In Phase | of the research, the research team reviewed and summarized literature related to
current HSM intersection crash prediction hoets; protocols, begractices, and emerging
approaches for predictive model developmant current knowledgeleged to intersection
safety. The research team also surveyed taatetpn agencies to gain knowledge about their
experience with the current WBintersection predictive methods and assess their needs and
priorities as they relate to additional (newenrsection models and/expanded capabilities of
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existing models. Based on the rkswf the literature reviewnd survey, the research team
identified and prioritized the types of interen configurations andaific control types not
currently addressed in the HSM for further consatien in this research. The research team then
developed work plans for creating crash predictiiodels for the higher priority intersection
configurations and trafficontrol types, including:

Intersections witlall-way stop control
Three-leg intersections with signal comtoo rural two-lane and multilane highways
Intersections on high-speed expressways

a dh  dh b

Three-leg intersections wheethe through movements make turning maneuvers at the
intersections

Three-leg intersections with a commercial driveway forming a fourth leg
Five-leg intersections
Single-point diamond ramp terminals

a dh  dh b

Indirect left-turn intersection@.e., U-turns or J-turns)

The work plans addressed site selection, dalfiaction, database development, and model
development.

Other intersection configurations and traffic control types considered for model development but
for which work plans for possible executimnPhase Il were not developed included:

intersections with yield or nooatrol, six-or-more-lg intersections, and diverging-diamond ramp
terminals. Work plans were not developedtfase intersection configurations and traffic

control types due to a combiran of priorities from the HSM user survey athe likelihood of
successful model development witsufficient number of siteexposure, and crash data. For
example, because diverging-diamond ramp teataiare relatively new in the United States,

limited years of crash data were available fodelaevelopment at theme of this research.
Therefore, the research teard diot create a work plan forwkdoping crash prediction models

for diverging-diamond ramp terminals.

In Phase Il of the research, based on a combmati priorities from the HSM user survey, the
likelihood of successful model development, anst, the research team executed the approved
work plans to develop crash prediction models for intersections with all-way stop control, three-
leg intersections with signal control on rurab-lane and multilane highways, intersections on
high-speed expressways, five-leg intersectiamsl single-point diamond ramp terminals. The
research team updated existingesfuisheet tools to includestinew crash prediction models
developed as part of this research, conductedtsgiysanalyses to check that the results were
reasonable, and updated/revised the crash pi@dimodels as necessary. In addition, the
research team developed recommended texidiosideration in theegond edition of the HSM
and prepared portions of this report thatument Phases | and Il of the research.

In Phase Il of the research, the research ®asouted the approved work plan to develop crash
prediction models for three-leg intersectiavisere the through movements make turning
maneuvers at the intersecticrsd adapted and executed thekyalan for crossroad ramp
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terminals at single-point diamormaterchanges to address crasgt ramp terminals at tight

diamond interchanges. SimilarRhase II, the research team updaexisting spreadsheet tools

to include the new crash prediction models developed in Phase Il of this research, conducted
sensitivity analyses to check that the resmiégle sense, updated/revised the crash prediction
models as necessary, developed recommendetbtecdnsideration in the second edition of the
HSM, and prepared portions of this report that document Phase Il of the research. Throughout
the course of the research, the research teamakegast of other ongoing research related to the
HSM that could potentially impathe direction of this research.

1.4 Outline of Report

This report presents an overview of researmhducted to develop new intersection crash
predictive models for consideration in the second edition of the HSM, for intersection
configurations and traffic control types naldaessed in the first edition of the HSM. The
remainder of this report is organized as follows:

Chapter 2. Literature Review and Survey of Practice

Chapter 3. Development of Modelg fdse in HSM Crash Prediction Methods:
Intersections with All-Way Stop Control

Chapter 4. Development of Modelg 1dse in HSM Crash Prediction Methods:
Three-Leg Intersections with¢@ial Control on Rural Highways

Chapter 5. Development of Modelg fdse in HSM Crash Prediction Methods:
Intersections on High-Speedii#m and Suburban Arterials

Chapter 6. Development of Modelg 1dse in HSM Crash Prediction Methods:
Five-Leg Intersections

Chapter 7. Development of Models foreis HSM Crash Prediction Methods: Three-
Leg Intersections where the Througllovements Make Turning Maneuvers
at the Intersections

Chapter 8. Development of Modelg fdse in HSM Crash Prediction Methods:
Crossroad Ramp Terminalsingle-Point Diamond Interchanges

Chapter 9. Development of Modelg 1dse in HSM Crash Prediction Methods:
Crossroad Ramp TerminalsBght Diamond Interchanges

Chapter 10. Conclusions and Recommendations
Chapter 11. References

Chapter 12. Abbreviations, Acronyms, Initialisms, and Symbols
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Appendix A—Draft Text for the Second Edition of the HSM
HSM Chapter 10—Predictive Method for Rural Two-Lane, Two-Way Roads
HSM Chapter 11—Predictive Method for Rural Multilane Highways

HSM Chapter 12—Predictive Method for Urban and Suburban Arterials
HSM Chapter 19—Predictive Method for Ramps
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Chapter 2.
Literature Review and Survey of Practice

This section summarizes literature relevant eodhjectives of this research and results of a
survey of transportation agencies intendedaim knowledge about their experience with the
current HSM intersection predictive methods andsssH®ir needs and priorities as they relate
to additional (new) intersection models andéxpanded capabilities of existing models.
Information is summarized according to the following topics:

Review of current HSM inteestion crash prediction methods

Protocols, best practices, and emergipgraaches for predictive model development
Current knowledge relatdd intersection safety

Survey of current practicand crash prediction needs

Summary of current knowledge related to intersection crash prediction modeling

a b dh

2.1 Review of Current HSM Intersection Crash Prediction Methods
The current HSM predictive models for intersent were developed in the following order:

HSM Chapter 10—intersections on rural two-lane, two-way roads
HSM Chapter 11—intersections on rural multilane highways
HSM Chapter 12—intersections arban and suburban arterials
HSM Chapter 19—crossroad ramp terminals at interchanges

ah dh b dh

HSM Chapters 10, 11, and 12 are included enfitst edition of the HSM published in 2010.
Chapter 19 was published as a 2014 Supplement to the HSM.

Concepts Common Across HSM In tersection Predictive Methods

At the most disaggregate level, the HSM predictive methods provide procedures to estimate the
expected average crash frequency for individual sites, which are either homogenous roadway
segments or intersections (see Figure 1). At-grade intersections are the specific focus of this
research. Applying predictive methods for at-grade intersections resafiSmates of the

expected average crash frequency due to the presence of intersections. This includes crashes
occurring within the limits of the intersection (Region A in Figure 1) as well as intersection-
related crashes that occur on the intersection(lRggion B in Figure 1). The latter are crashes
classified on the crash reportiatersection-related or crashes having characteristics consistent
with intersection-related crashes (e.g., #&ad collisions in queues). The HSM Appendix A
recommends using the intersecti@iated designation on the cragiport when such a field is
available to identify the inteestion-related crashes that haceurred on the intersection legs.
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Figure 1. HSM definitions of segments and intersections (AASHTO, 2010)

The basic components of the HSM intersection predictive methods used to estimate the expected
average crash frequency are:

SPFs

crash severity and collision type distributions
CMFs

calibration procedures

Empirical Bayes (EB) estimation

a b dh

Combining SPFs, CMFs, and calibration factors without the EB proceduiésra a predicted
average crash frequendyyredicted based only on the characteristics of the roadway. Estimates of
the expected average crash frequency, whichrpoeate information about the crash history at
the site, are available only after applying thetE&hnique. The basic model structure to predict
the average crash frequency at intersectiopsd«fdin) is shown in Equation 1. With Equation 1
and additional equations throughdahis report, existing notation and definitions in the first
edition of the HSM are used as much as posshiwever, some modifications to HSM notation
and definitions were made for clar@yd consistency as necessary.

Oaagxvcuapl RavacH K %K %duH... H %,/0 Hp (Eq. 1)

Where:

Npredicted int = predicted average crash frequency for an individual intersection for the
selected year (crashes/year)

Nspfint = predicted average crash frequenaydo intersection with base conditions
(crashes/year)
CMRi = crash modification factospecific to intersection typeand specific
geometric design and traffic control featuyes
Ci = calibration factor to adgt the SPF for intersection typ#o local
conditions
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Intersection SPFs generally take one of the ftvms shown in Equation 2 and Equation 3.

Oxavad ATLCc=E > H HJlk#e &6? #8540 (Eq. 2)
Oxzvacl AJ=LE @ H#&G 67 (Eq. 3)
Where:
AADTmaj = annual average daily traffic (AADT) on the major road (veh/day)
AAD Tmin = AADT on the minor road (veh/day)
AAD Tiotal = AADT on the major and minor roads combined (veh/day)
a, b, candd = estimated regression coefficients

If AADTSs on the two major legs of an intersection differ, the larger of the two AADT values is
used forAADTmaj. Similarly, if AADTs on the two minor Igs of a four-legntersection differ,

the larger of the two AADT values is used for AADTAs needed, AADihal can be estimated

as the sum of AAD#aj and AADTmin. If AADTS are not available for each evaluation year,
interpolation and extrapolation are used.

Each SPF also has an associated overdispersion pardmétes, parameter provides insights
into how average crash frequencies at the gied to estimate the SPF vary compared to the
SPF predictions. Larger values iodie larger site-to-site vation around the SPF prediction.

HSM Chapter 10—Predictive Methods for Intersections on Rural Two-Lane,
Two-Way Roads

Chapter 10 of the HSM includes SPFs for the foifg intersection configurations and traffic
control types on rural te+lane, two-way roads:

€ Three-leg intersections with minor road stop control (3ST)
€ Four-leg intersections with minor road stop control (4ST)
€ Four-leg intersections with signal control (4SG)

The intersection SPFs for ruraldavlane, two-way roads predict amerage crash frequency for
all crash severities and collision types combirizefault tabular distributions are provided for
crash severity and collision typ@rash severities can be disaggredanto five levels: fatal (K),
incapacitating injury (A), non-incapacitating imjyuB), possible injury (C), and property-
damage-only (O or PDO). The collision typstdbutions are providefbr three levels of
severity: total—all severities combin@dABCO), FI severities (KABC), and PDO.
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HSM Chapter 11—Predictive Methods for Intersections on Rural Multilane
Highways

Chapter 11 of the HSM includes SPFs for the feifg intersection configurations and traffic
control types on rurahultilane highways:

€ Three-leg intersections with minor roadtcontrol on rural, four-lane divided or
undivided highways (3ST)

€ Four-leg intersections with minor roaadgtcontrol on rural, four-lane divided or
undivided highways (4ST)

€ Four-leg intersections witkignal control on nal, four-lane diviled or undivided
highways (4SG)

For all three intersection types, the intersecting minor roads may be two- or four-lane highways.
The intersection SPFs for rural multilane highwpsedict average crash frequency for all crash
severities and collision types combined (KABCO), Fl bems(KABC), and FI crashes with

possible injuries excluded (KABRefault tabular distributions are provided for crash severity

and collision type for four leve of severity: total — all sevides combined (KABCO), FI

severities (KABC), FI severitiagith possible injuries excluded (KAB), and PDO. Alternative
SPFs by collision type and severity level als provided in Appendix 11B of the HSM for
stop-controlled intersectiomm rural multilane highways.

HSM Chapter 12—Predictive Methods for Intersections on Urban and
Suburban Arterials

Chapter 12 of the HSM includes SPFs for the foifg intersection configurations and traffic
control types on urban and suburban arterials:

Three-leg intersections with minor road stop control (3ST)
Three-leg intersections with signal control (3SG)

Four-leg intersections with minor road stop control (4ST)
Four-leg intersections with signal control (4SG)

a h dh dh

The HSM intersection predictive methods fapam and suburban arterials separately predict
vehicle-pedestrian and vehicle-bicycle crasiéss results in a different model structure for

Npredicted intthan shown in Equation 1 to calculate total crashes at an intersection, combining
vehicle-only plus vehicle-pedestn plus vehicle-bicycle crashé&is structure of the SPFs for
intersections in urban and suburban areas is illustrated in Equation 4 and Equation 5, again using
existing HSM notations and variakdefinitions as appropriate.

Oazgxuonat KSOE BzpxE Qup@uty % (Eq.4)
Opul RavacH kK %BdH %dH... H % /6 (Eq. 5)
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Where:

Npredictedint =  predicted average crash frequefayan individual intersection for
the selected year (crashes/year)

Nbi = predicted average crash frequen€an intersection (excluding
vehicle-pedestrian and vehicle-bicycle crashes) (crashes/year)

Npedi = predicted average crash frequentyehicle-pedesian crashes of
an intersection (crashes/year)

Nbikei = predicted average crash frequentyehicle-bicycle crashes of an
intersection (crashes/year)

Nspf int = predicted total average crasbquency of intersection-related
crashes for base conditions (kxting vehicle-pedestrian and
vehicle-bicycle collisions) (crashes/year)

CMFi...CMRi = crash modification factogpecific to intersection typeand specific
geometric design and traffic control featuyes

Ci = calibration factofor intersection type to adjust prediction to local
conditions

The SPF portion of N Nsptiny iS the sum of two disaggregateedictions by collision type, as
shown in Equation 6.

Oauat Osuat Opuee (Eq.6)
Where:
Nbimv = predicted average crash frequencyidf crashes of an intersection for
base conditions (crashes/year); and
Nbisv = predicted average crash frequencg¥gfcrashes of an intersection for

base conditionécrashes/year).

SPFs to estimate MV crashes are provided fiaetiseverity levels: total (KABCO), FI, and

PDO. Because the SPFs for the different seviitgls were develogeindependently, for any

given collision type (e.g., MV)rad site type (e.g., 3ST), theotal” crash prediction (i.e., all
severities) may not equal the soiffrthe Fl and PDO predictionBreliminary values for Fl and

PDO crashes obtained directly from the SPFs may be adjusted using an approach illustrated by
Equations 7 and 8, provided as an example fordvghes. The same approach is also used to
make these same types of adjustments to the SV crash predictions.

o AL . Cf’oz(aﬁ)
Osuaer= Oougeacp® !CF’o;a(é.o)>Qbo;a(éAuAp (Eq. 7)
Opuaewg= Osugeacpd Buagh (Eq.8)
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Where:

NoimvFy =  predicted average crash frequencivdf, FI crashes of an intersection for
base conditions (crashes/year)

Nbimv(totaly = predicted average crash frequencyidf crashes (all severities) of an
intersection for base conditions (crashes/year)

Noimvppo) = predicted average crash frequenciidf, PDO crashes of an intersection
for base conditions (crashes/year)

N’bimv(ry = preliminary value for predicted awagye crash frequency of MV, Fl crashes
of an intersection for base conditiqusashes/year)

N’vimvppo) =  preliminary value for predicteaverage crash frequency of MV, PDO

crashes of an intersection for base condit{orashes/year)

Separate collision type digtritions for MV, Fl; MV, PDO; SYFI; and SV, PDO are provided
for each of the four intersection tygpaddressed by the predictive method.

Separate model structures are used to estimatgetirly number of vehicle-pedestrian crashes,
Npedi, at stop-controlled and signzdid intersections on b@n and suburban arterials. The average
number of annual vehicle-pedestrian crashestfg-controlled interseans is estimated with
Equation 9.

Oapx® O Baxu (Eq.9)
Where:
foedi= pedestrian crash adjustméadttor for intersection type

The average number of annual vehicle-pedasitrashes for signaéd intersections is
estimated with Equation 10.

Oagx® Ozgxo0%e¥/6ax %/ 6ax %/ G (Eg.10)
Where:

Npedase = predicted average crash frequencyaetiicle-pedestrianrashes for base
conditions at signalized intgections (crashes/year)

CMFip =  crash modification factor for numbef bus stops within 1,000 ft of the
center of the intersection

CMF2p =  crash modification factor for presenof one or more schools within 1,000
ft of the center ofhe intersection

CMFsp = crash modification factor for nurabof alcohol sales establishments

within 1,000 ft of the cater of the intersection

The predicted number of vehicle-pedestrian crashes per ydmderconditions at signalized
intersectionsNpedbase IS estimated using Equation 11.
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Osgnocmed TL h=>x HE# &G bk 2% HIGA20%h: @ HXRA@ BK B Jzoa0mdEQ. 11)

°*%lgio

Where:
PedVol

sum of daily pedestrian volumes crossing all intersection legs
(pedestrians/day), only considering crossing maneuvers immediately
adjacent to the intersection (e.gong a marked crosswalk or the
extended path of any approaching sidewalk)

Nanesx =  Maximum number of traffic lasecrossed by a pedestrian, including
through and turning lanes, in anyssing maneuver at the intersection
considering the presence of refuge islandsy(caiked or depressed
refuges are considered).

Base conditions associated WiNlbedbaseare absence of bus stops, schools, and alcohol sales
establishments near the intersection. Alltaf vehicle-pedestrian crashes predicted with
Equations 10 and 11 are assumed to be FI crashes (none as PDO).

The average number of annual vehicle-bicycle cradtiesi, at all intersection types are
predicted using the same model stae as that used to predigiedat stop-controlled
intersections (see Equation 12).

OsupmPod Bubgu (Eq.12)
Where:

fbikei= bicycle crash adjustmerdadtor for intersection type i

All of the vehicle-bicycle craslsepredicted with Equation 12 amesumed to be FI crashes (none
as PDO).

HSM Chapter 19—Predictive Method for Ramps

Chapter 19 of the HSM includes SPFs for the foitg types of crossroad ramp terminals at
service interchanges:

Three-leg terminals witdiagonal exit ramp (D3ex)
Three-leg terminals with digopnal entrance ramp (D3en)
Four-leg terminals with diagonal ramps (D4)

Four-leg terminals at four-quadrant parclo A (A4)
Four-leg terminals at four-quadrant parclo B (B4)
Three-leg terminals at two-quadrant parclo A (A2)
Three-leg terminals at two-quadrant parclo B (B2)

ah dh dh db dh dh dh

These ramp terminal types are illustrated guire 2. Predictive methods provided in Chapter 19
of the HSM capture both stop control (ST) and digoatrol (SG) for each of the terminal types
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and cover crossroad ramp terminals with anywlrera two to six crossroad through lanes (total
of both travel directions).

Utilizing new notation introduceds part of the 2014 Supplement to the HSM (Chapter 19),
signal-controlled crossroad ramp terminal SPFs generally take the form shown in Equation 13.

Omaeiraog =Xp =+ >x IN(2x ##&B)+ @ In(?x ##8&Ps ?x ##&B) ? (EQ. 13)
with

HH&E = 05% (HH#&GsF #H&H) (Eg. 14)

Where:
Nsptw,scnatz= predicted average crash frequeatwy signal-controlled crossroad ramp
terminal of site typev (w = D3ex, D3en, D4, A4, B4, A2, or B2) with
base conditions) crossroad lanes,| &ollision types &t), and severity z
(z=FI, PDO) (crashesl/year)

AADTxwd = AADT on the crossroad (veh/day)

AADTn = AADT on the crossroad leg between ramps (veh/day)

AADTout = AADT on the crossroad leg outside of the interchange (veh/day)
AADTex = AADT on the exit ramp (veh/day)

AADTen = AADT on the entrance ramp (veh/day)

The AADT of the loop exit ramp at a B4teinal configuration is not included lWADTex, and
the AADT of the loop entrance ramp at A configurationis not included iPAADTen.

The intersection SPFs predict aage crash frequency for all dslbn types. Default collision

type distributions are provided for both FI ard@  crashes. Separate collision type distributions
are provided for signalized rampr@nals in rural and urban areas.
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Figure 2. Ramp terminal configurations (AASHTO, 2014)
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Figure 2. Ramp terminal configurations (AASHTO, 2014) (continued)
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One-way, stop-controlled crossroad ramp terminal SPFs generally take the form shown in
Equation 15.

Oxzeiiof=exp =+ >xIn(?x ##&G )+ @In(?x ##&ps+ ?x ## &%) 7 (EQ. 15)

Where:

Nspfw,sT,atz= predicted average crash frequentw one-way, stop-edrolled crossroad
ramp terminal of site type (w = D3ex, D3en, D4, A4, B4, A2, B2) with
base conditions, all collision typeat), and severityg
(z=FI, PDO)

All other terms have been previously defined.

The intersection SPFs predict aage crash frequency for all dslbn types. Default collision
type distributions are provided for both FI ardd@  crashes. Separate collision type distributions
are provided for one-way,i-controlled ramp terminals in rural and urban areas.

The predictive methods for ramps in Chagi@rof the 2014 Supplementtioe HSM, including
crossroad ramp terminals, utilize SDFs to gggagate the predicted average frequency of Fl
crashes into an estimate of average crash frequency for the following severity levels: fatal (K),
incapacitating injury (A)non-incapacitating injur{B), and possible injury (C). Adopting the

SDF notation introduced as part of the 2014 Supplement to the HSM, the SDFs for crossroad
ramp terminals are illustied in Equations 16 through 19.

R CV("I.|.1/462) o .
ZOJGO,QA e we— _: - ~>CV('].|.1/462)>CV('I.|.3) X 2A{A>?Oje’09 (Eq16)
PINIA&
A = cvialye) o
20008 = i soviy T RA>101600 (Eq.17)
PINIAA
cvals)

5jeO e = —— . - Eq.18

20]6,0,9 m>cvhl%ﬁz}>cvma) ( q )
2js00=1 F(2+ 2+ 2) (Eq. 19)

Where:
Pasxatk = probability of a fatal crash (giverattha fatal or injury crash occurred) for

all ramp terminal sitesaS) based on all collision typest)(and control type
X (x = ST: one-way stop control; Sgngsal control, n-lane crossroad)
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PaS,x,at,A

PaS,x,at,B

PaS,x,at,C

\/j =

probability of an incapacitating injugyash (given that a fatal or injury
crash occurred) for atamp terminal sites (aS) based on all collision types
(at) and control type (x = ST: one-way stop control; Sgn: signal control,
n-lane crossroad)

probability of a non-incapacitating injucyash (given that a fatal or injury
crash occurred) for athmp terminal sites (aS) based on all collision types
(at) and control type (x = ST: one-way stop control; Sgn: signal control,
n-lane crossroad)

probability of a possible injury craggiven that a fatal or injury crash
occurred) for all ramp terminal sitesS) based on all collision types)(

and control typex (x = ST: one-way stop control; Sgn: signal control,
n-lane crossroad)

systematic component of chaseverity likelihood for severity

Pkik+aasxat= probability of a fatal crash given that the crash has a severity of either fatal

Csdf,aS,x =

or incapacitating injury for all ramp terminal sitesS] based on all
collision types #t) and control type (x = ST: one-way stop control; Sgn:
signal control, n-lane crossroad)

calibration factor to adjust SDF for local conditions for all ramp terminal
sites &S) and control type (x = ST: stop controlSgn: signal control,
n-lane crossroad)

The basic model form for the systematic cormgrin of crash severity likelihood at crossroad
ramp terminals is illustrated by Equation 20.

8'{:

Where:

|p,|t

Ndw

Nps

Ips

a, b, c, d, aneé

=+ k> 0t K% CJlat J5800 K@ .0t (A %esdr  (EQ. 20)

= protected left-turn opetian indicator variable for
crossroad (= 1 if protectexperation exists, 0 otherwise)

= number of unsignalized igeways on the crossroad leg
outside of the interchanga@within 250 ft of the ramp
terminal

= number of unsignalized publstreet approaches to the
crossroad leg outside of tirgerchange and within 250 ft
of the ramp terminal

= non-ramp public street leg imditor variable (= 1 if leg is

present, O otherwise)

estimated SDF coefficients

Chapter 19 of the HSM does not provide a piiacianethod for crossroad ramp terminals with
all-way stop control, but it doesclude an interim method thatilizes the one-way stop control

models.
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HSM Predictive Method Calibration

The intersection predictive methods in the HSM contain calibration factors to adjust predictions
of the HSM models, developed with data freetected jurisdictions and for specific time

periods, to be applicable to other jurisdicis and time periods. Equation 1, for example,

presents the calibration factor in general form iasvith i representing a specific site type. The
notation Gis generally used to represent predictivedel calibration factors when the site type

of interest is an intersection.

Calibration factors associated withe intersectio predictive methods amalculated as the ratio
of total observed crash frequencies for a selest¢df sites to total predicted average crash
frequencies for the same sites, during the stame period, determined using the applicable
predictive method. This ratio iBustrated in Equation 21.

Aabx=di3dd@=0ga

0/n—
A AgagxU0G@&eloe (Eq.21)

Calibration is to be performed separatieyeach specific facility and site type.

The introduction of SDFs in the freeway and interchange chapters of the HSM resulted in the
need for an SDF calibration method. The catibramethod utilizes comparisons of observed
versus predicted severe crashes (i.e., fet@hpacitating injury, andon-incapacitating injury
crashes). First, observed crash data from the calibration sites are used to calculate the observed
probability of a severe crash, given thatrrcrash has occurred, using Equation 22.

= o ORPHL k Gya ok g15 6> Cuacfagine, e Caanafin, Eq. 22
20103 >~ “UroRoW fo o A - , — = \ q. 22)
6 ne K @a(pAQirye> Qlaganisz > Qaganiss > agafin’, /O
Where:
Poasacatkas =  observed probability of a sevemash (i.e., K, A, or B) for all

collision types &t), all sites (ap and all control typesa€)
observed crash frequency for siteith site typew(i), yeart,
control typex(i), for all collision types (3t and severityn
(m=K, A, B, C)

number of sites

number of years in calibration period

No,w(i),x(i),at,m.t

Nsites
Nc

Next, the predicted average crash frequencyasd ts calculate the predicted probability of a
severe crash, given that an Fash has occurred, using Equation 23.

U A o ool ~
2 616 ko=~ pbof*D}?g.kQJa(gy%(o“mw?%a(®a®132,8>%a(®a®183,80 (Eq. 23)
1005 0P CRPEL K Ga A nin%e CuaRafinze> Caa(anins s> Cua R s, o

38

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26153

Intersection Crash Prediction Methods for the Highway Safety Manual

Where:

Pp,as,acatkae = predicted probability of a seveteash (i.e., K, A, or B) for all
collision types &t) all sites 4S) and all control typesd);
Npw@)xiatmt =  predicted crash frequency for diteith site typew(i), yeart,
control typex(i), for all collision types (3t and severityn (m= K,
A, B, C);
The final step involves computing thalibration factor using Equation 24.

_ EgiAinigwes 5.4 BiAllIRvz2e
. ! All, IRY,23 UIAIL IRY,23

Calibration is performed separately for each SDF.

Empirical Bayes Estimation

This section describes the EB estimation)sed in Step 15 of hHSM Predictive Method
(presented in the Part C Introduction amaphAcations Guidance) when applicable. EB
estimation combines a predicted average cirgsfuency for a site with an observed crash
frequency for that site, resulting in an estienat the expected average crash frequency.
Combining the observed crash frequency for a §ipesite with the predicted crash frequency

for other similar sites increast®e accuracy of the expected crash frequency estimate. The EB
method reduces regression-to-the-mean (RTM) ibiastimates obtained from observed crash
frequency alone, where locations experiencimgnér than average crash frequency over some
time period will naturally see lower crash frequesdn a following time period and vice versa.

Two or more years of crash data are ddse for applying the EB method. A more
straightforward EB estimation can occur wleeash data are assigned to each segment or
intersection (i.e., a site-specific EB analysi$dwever, when crash data are not segment- or
intersection-specific, the EBethod can be applied across multiple, aggregated sites (i.e.,
project-level EB method). Only the sigpecific EB method is discussed here.

Applying the site-specific EB miedd results in an estimate ofpected average crash frequency
for a site Nexpected, produced by combining predictedeasge crash frequency for the site
(Npredicted With the observed crash frequency for that same itgefved.

NexpectedfOr a Site is calculated using Equations 25 and 26.

OgsagotooX Ozapxuetc@d-00 F Bx 0i6=ps60x (Eq. 25)

S= > (Eq. 26)

5>k KA xppraiapiVEOYDIOT®DI
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where:

Nexpected = eXxpected average crash freqyeolotained by combing the predicted
average crash frequencyp{®icted With the observed crash frequency
(Nobservea using the EB method

Npredicted =  predicted average crash frequency obtained using the appropriate
predictive model

Nobserved =  Observed crash frequency

w = weighted adjustment to be placed on the HSM predictive model estimate

k = overdispersion parameter associated with the SPF

2.2 Protocols, Best Practices, and Emerging Approaches for
Predictive Model Development

This section discusses formal protocols and quaddor predictive model development, as well
as best practices for predictive model develephnidentified from past experience and emerging
approaches. This discussion focuses on issudgalplp to modeling at-grade intersection safety
performance and does not necessarily address issues relevant only to roadway segments or
ramps.

Development of SPFs

SPFs for intersections are equations thatedlze expected intersection crash frequency
(possibly by type and/or sewty) for some defined time period to characteristics of the
intersection. In the context die intersection predictive methods in the HSM, SPFs are used to
estimate a predicted average intersection cragldrecy (in units of crashes/year) for a given
combination of major- and minor road traffioclumes. SPFs in the HSM are provided for

different facility types, numbers of intersecting legs, and traffic control types. Intersection SPFs
can also appear asutter models,” which include additional variables beyond only major- and
minor road traffic volumes for crash prediction.

A synthesis paper publishedTnansportation Research Part(®@ord and Mannering, 2010)
contains descriptions of kessues and methodological apaches applicable to SPF-like

models that have been used to understand how various factors influence the frequency of
crashes. Data and methodological issues explored in the paper include overdispersion,
underdispersion, time-varying ganatory variables, temporahd spatial correlation, low

sample mean, small sample size, injury sevaeuiy collision type correlation, omitted variable
bias, endogenous variables, functional form, and fixed parameétersvide variety of methods
that appear in the publisthditerature to deal with these igsuare then identified and described,
including Poisson regression, negative bindmagression, Poisson-lognormal models, zero-
inflated models, Conway-Maxwell-Poissormdel, Gamma model, generalized estimating
equation model, generalized additive modeladom effects models, negative multinomial
models, random-parameters models, bivariate/multivariate models, finite mixture/Markov
switching models, duration models, hierarchical/multilevel models, neural and Bayesian network
models, and support vector machine models. Finally, maximum likelihood and Bayesian
estimation methods are briefly covered. Similar to the synthesis paper by Lord and Mannering
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(2010), the Federal Highway Administration (FHWA) Safety Performance Function
Development Guide: Developing Jurisdiction-Specific S(¥mivasan and Bauer, 2013)
provides guidance for states interested in tgneg their own SPFs and addresses a variety of
issues which may be encountered whemeloping jurisditon-specific SPFs.

Recent advances in SPF development allow for the estimation of variance and 95% confidence
intervals for the estimate of average crashjdescy resulting from multiplying SPFs and CMFs.
More advanced SPFs deal with temporal cotiela usually through aggregating multiple years

of data for a particular set of sites, as welspatial correlation by using more complex modeling
techniques. Model forms otherath negative binomial are sometimes used to handle excessive
numbers of sites with no cragh@ero-inflated models), to laeve more flexible model forms
(Poisson-lognormal), and to deal with batverdispersion and underdispersion (Conway-
Maxwell-Poisson models). These model forans discussed very briefly in the FHWA SPF

Guide, but the guide provides additiondkrences for more complex model forms.

The progress made in methodatmj approaches used toderstand how various factors

influence the frequency of crashes has kmdstantial (Lord and Mannering, 2010). The most
common method for developing intersection SBRe estimate a negative binomial (NB)
regression model with number of intersectiod @ntersection-related @&shes as the dependent
variable and traffic volumes, geometry, traffictm| devices, and other factors characterizing

an intersection as independent variables. NB regression requisgsethication of the

“additional dispersion” (additional when compateda Poisson model) that is common to crash
data. It is typical for this “additional dispessi’ to be specified as a dispersion parameter
multiplied by the expected number of crashes squared (NB-2 model). The dispersion parameter
for intersections is usually treated as a fixed parameter.

There are some variations to the standard NB-2 model that can still be integrated with existing
HSM predictive methods while at the samedipossibly improving the parameter estimates
associated with traffic volumes, geometric featutredtic control, and other factors in the models
in terms of “accuracy” and “precision.” Coungression models with identification variables for
counties, districts, regions, states treated as “fixed effts” (see Le and Porter, 2012) or

“random effects” (see Shankar et al., 1998) apeefing alternatives that help to address crash-
influencing factors that may be common to groapsitersections, but that are not captured by
the models. The methods were successfully employed in NCHRP ProjectBiihdébced Safety
Prediction Analysis Tool for Freeways and Interchan@nneson et al., 2012). Random effects
models were also used to estimate multi-stadelels in developing the HSM Chapter 12 SPFs.
The negative multinomial modeling approach can also be used to address correlations in
disturbance terms across observations, andriepliarly useful when a single intersection
appears in a database multiple times due to multiple observation years that are kept disaggregated.
NB regression, count regressionaels with “fixed effects” ad “random effects,” and negative
multinomial modeling were considered most valet for developing SPFs for this research.

Development of Crash Modification Factors

CMFs are multiplicative factors used to computedkgected number of crashes at a site with a
certain set of characteristics. CMFs are multiplied by the expected number of crashes at that site
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without those characteristics, commonly refert@ds “base conditions” in the HSM predictive
model context. For any given characteristic eatment, CMF values greater than one indicate

that the characteristic or treatménexpected to increase the nwenbf crashes compared to the
base conditions, while values lower than one indicate that the treatment is expected to decrease
the number of crashes. FHWAfsGuide to Developing Quality Crash Modification Factors

(CMF Guide) (Gross et al., 2010) was publishéith\& primary purpose of describing methods
behind the development of CMFs and providingdguace for adequate application and reporting

of CMFs, depending on the available data andrtreats that CMFs need to address. Crash
Modification Functions (CMFunctiofpsnay also be used to compute CMFs for a specific site,

and while they require more data than computing single CMF values, they allow the CMF values
to vary as site characteristics change, Wimay make them prefalole among practitioners.

A variety of study approaches have been usatevelop CMFs including EB before-after
studies, before-after with comparison groupdgts, full Bayes studies, surrogate measure
studies, cross-sectional studiease-control studies, cohort stesli meta-analysis studies, and
expert-panel studies. For all types of CM&ds¢s, the number of treatment and non-treatment
sites and duration of the before and after periagisyell as the size of treatment effect, impact
the estimated CMFs and their associated staretaods. Before-after studies are considered the
most dependable study design for CMF develogn®rt in both national HSM discussions and
the research literature, there is emerging istarewhether quality CMFs can be developed
using the estimated parameters of regressiotiets from cross-seotmal studies. The current
state of the research literature indicates that it is possible to estimate reliable CMFs from cross-
sectional studies as long as caréaken in the data collecticand modeling approaches used.
Desirable characteristicg such studies include:

€ Carefully collected databases createdgdioth traditional andon-traditional data
sources to confirm and enhance ithdependent variable measurements

€ Logical variable specifications thi appropriate boundary conditions
€ Repeated, consistent findingsross studies and locations

€ Implementation of observational study desigrthods, such as the propensity scores-
potential outcomes framework taaificantly reduce selection bias

Treatment of Crash Severity in Predictive Methods

The way in which crash severity is address#tiin the HSM intersection predictive methods
has evolved over time as chapters were agezl. In Chapter 10 (Rural Two-Lane, Two-Way
Roads), SPFs predict average crash frequenaliforash severitiedJsing proportional
distributions, crash severities che disaggregated into fiveviels: fatal (K), incapacitating

injury (A), non-incapacitating injury (B), posséinjury (C), and prop&y-damage-only (O or
PDO). In Chapter 11 (Rural Multilane Highwsythe intersection SPipsedict average crash
frequency for all crash severities combined @0), FI crashes (KABC), and FI crashes with
possible injuries excludie(KAB). No additional levels oflisaggregation by severity level are
available. In Chapter 12 (Urban and Suburbaterals), intersection SPFs predict average crash
frequency for all crash severities combinEABCO), FI crashes (KABC), and PDO crashes.

No additional levels of disaggregation by severity level are available. The urban and suburban
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intersection SPFs for differeniels of severity were indepdently estimated. For any given
collision type (e.g., MV) and site type (e.g., 3ST), it is likely that a “tatash prediction (i.e.,

all severities) will not equal the sum of the FI and PDO predictions. Preliminary values for FI
and PDO crashes obtained directly from the Si*€gherefore adjusted to make this summing
process work. All vehicle-pedestriand vehicle-bicycle crashes tlaae predicted as part of the
urban and suburban intersection methods are treated as FI crashes (none as PDO). Finally, in
Chapter 19 (Predictive Method for Ramps), iséetion SPFs predict average crash frequency
for FI crashes (KABC) and PDO crashes assroad ramp terminals of freeway interchanges.
SDFs are then used to further disaggregaeStPF predicted averageduency of FI crashes

into an estimate of average crash frequdncyhe following severity levels: fatal (K),
incapacitating injury (A)non-incapacitating injury (B), and gsible injury (C). Two SDFs are
provided, one for one-way stop-control terminaild another for signalized terminals. These two
SDFs are applicable to othersategories of terminal types within these broader categories.

The evolution in the way severity is addresseHSM predictive methodsxplicitly recognizes
that severity distributions may change with traffic volumes, design decisiaffc control, and
other characteristics. A synthesis paper by Saneh et al. (2011) prests key issues and
methodological approaches that have been tesadderstand how variodigctors influence the
severity outcomes of crashes. While Savolaiieal. state that therthas been substantial
progress made in modeling crash severities,drogress has been maated tracked primarily

by those making more theoretical advancementsethodological areas of crash severity
modeling. Only more recently have these methods been incorporated into applied, product-
oriented safety research, such as researchdaatngeveloping predictive methods. For example,
the research that resultedtire development of HSM Chapter 19 (Predictive Method for Ramps)
utilized multinomial logit (MNL) models to develop the SDFs.

Generally speaking, the databsisised to estimate seventodels and corresponding SDFs
consist of the same crashes and intersectiotireatatabases useddstimate the frequency
models and corresponding SPFs, but the databasessaiructured so th#tte basic observation
unit (i.e., database row) is the crash instefathe intersection. To more seamlessly work
together with existing HSM predictive theds, the multinomial logit (e.g., Shankar and
Mannering, 1996), nested logit (e.§hankar et al., 1996), and thadniy logit (e.g., Al-Ghamdi,
A., 2002) are the most logical severity modglalternatives. Thesertde severity modeling
alternatives begin with defing a set of linear function§), shown in general form in Equation
27, that define how injury severity outcof®r crashr is determined.

55 vevt Ga (Eq.27)
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Xir = a row of observed characteristi@.g., driver, vehicle, roadway,
environment) associated with crastinat have an impact on injury
severity outcome
i = a vector of parameters to be estimated that quantify how the characteristics
in Xjr impact injury severity outcome
@ = a disturbance term thatcounts for unobserved and unknown
characteristics of crastthat impact injury severity outconme

There are as many such linear functions aeetlare possible injury severity outcomes. The
probability of having injury severity outcomégr crastr is then the probability that the linear
function for that severity outcome is larger tlle functions for any otheseverity outcome, i.e.:

2AF= 2k RaE, M, (Eq. 28)
or
A F= 2kyayt GaR z2at GPE, M, (Eq. 29)

with J denoting all possible injury outcomes for crashnd F(j) the probability of crash r
having injury outcomé. Obviously, the injury severity octtme of a crash, given a set of
observable characteristics, aaver be predicted with certyrbecause the values of the
disturbance terms for the different injury outcenaee never known with certainty. The severity
models, ultimately leading to the SDFs, are developed by making assumptions about the
properties of these disturbance terms.

The multinomial logit model is commonly usednb@del crash severity in cases with three or
more possible injury severity outcomesN@HRP Project 17-45, for example, Fl outcomes
were classified as either fand incapacitating injury (KA), non-incapacitating injury (B), or
possible injury (C). If the distbance terms of the linear furants referenced in Equations 27-29
are assumed to be identicadlgd independently distributed estreme value, the multinomial
logit model, shown in Equation 30, results.

_ 2e@svd
2§( F - AE N7 é(ﬁQ»Y )) (Eq30)
For model estimation, one of the injury outcomesgaties is arbitrarilgelected as the “base
injury severity outcome,” and all @k corresponding parameters (i.g's) are represented with
zeroes. The remaining's that are estimated represent the values forjtheelative to the j's
for the selected “base injury severity outconignis results in the form seen in the HSM
Chapter 19 SDFs and provided in more general form in Equation 31.

2e@ovo

AF= SRoemovs (Eq-31)
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Wherej in this case represents all possible ingeyerity outcomes except for the base outcome.
In NCHRP Project 17-45, for example, possible injury (C) was selected as the base outcome.
Pr(KA) andPr(B) were predicted using aw@ation similar to Equation 28;(C) was then

predicted as 1 -#KA) - Pr(B).

The MNL model provides a highvel of flexibility in terms of model specification, allowing
exploration of various possible seig-related relationships such as:

€ Certain roadway characterigiand traffic conditions impacting the probability of some
severity outcomes relative to the base outcome, but not impacting others

€ Certain roadway characteristics and traffic conditioesgasing (or decreasing) the
probability of the higher severity outcometateve to the base outcome, while also
increasing (or decreasing) the probapibf the lower severity outcomes

The MNL assumption that the disturbance ®whthe linear functions referenced in
Equations 27-29 are identically and indepenigettistributed as exérme value leads to a
practical model form for interpretation and pdn. However, the main disadvantage of the
MNL model is that it is characterized by the independence of irnelelernatives (11A)
assumption, meaning that it does not appropridtatydle scenarios with two or more severity
outcomes that are close subggtiwith shared unobserved effecaptured by their disturbance
terms (i.e., violations of the IIA assumption).

The nested logit model is a common modeling adttive for discrete outcome data when the 1A
assumption is violated. In the case of crash inpayerity outcomes, it might be expected that
the linear functions$r, for possible injury (C) and no injy (O) have some shared unobserved

effects captured in the disturb@nierms. This results in a nesting structure, similar to the
example illustrated in Figure 3.

Figure 3. Example of nested st ructure for crash injury severities (Savolainen et al., 2011)

The nested logit model handles this nessitigcture through making the assumption that the
disturbance terms of the linefainctions referenced in Equations 27-29 are generalized extreme
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value distributed, resulting in the model stretshown in Equations 32-34 (as outlined in
Washington et al., 2010 and\v®&éainen et al., 2011).

AP T g ndly (Ea-32)
AN = e 23 (Eq-33)
S HPeeATLealy g (Eq. 34)
Where:
P() = probability of crasih having injury outcomg, where jis an outcome in
_the “top level” of the nest (e.g., faiajury, evident injury, or no evident
Xir, Xar = Irrg\lfjvrsy)of observed characteristi@®.g., driver, vehicle, roadway,

environment) associated with crasthat have an impact on injury
severity outcomeg (across the top level of the nests) gr(@ithin the
nests), respectively
iy ali = vectors of parameters to be estieaethat quantify how the characteristics

in Xjr and X impact injury severity outcomnjgacross the top level of the
nests) andj (within the nests), respectively

Pr(ql)) =  probability of crasih having injury outcome, conditioned on the
outcome being in categojye.g., probability of either possible injury or
no injury conditioned on a no evident injury crash)

LSr = “log-sum” or “inclusive value” for th nest (i.e., the expected value of the
linear functions, such as those inuatjon 27, for the outcomes within the
nest)

i = “log-sum coefficient” to be estimated

Within this framework, the probability dfaving one of the severity outcomes3 ithin the
nest, R(q), is given in Equation 35 (withll terms previously defined).

Pi(q) = P(j) x Px(alj) (Eq. 35)

For the nested logit to be considered an apatgpmodeling alternative for a given context, the
“log-sum coefficient” should fall between zemdaone. If the parameter equals one, the model
reduces to the MNL. A hypotkis test can be set up taelenine whethethe “log-sum
coefficient” is different than one at some level of statistigatificance. This approach was used
in NCHRP Project 17-45 before selecting the IM&$ an appropriate model form for estimating
the HSM Chapter 19 SDFs.

In cases where crash severity is assigmezlof two possible outcomes [e.g., fatal and
incapacitating injury (KA) or not (BCO)], therare only two such linedunctions. With the

disturbance terms of these tiwmctions identically and indepdently distributed as extreme
value, the binary logit modegsults, shown in Equation 36.
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_ 2eE@svd
A= 5 ohiors (Eq.36)
The outcomg in this case represents one of two passinjury severity outcomes. Continuing
the example from the previous paragraph, an injury severity outcome can be classified as either
fatal and incapacitating injury (KA) or ndBCO). If the BCO outcomes are set to the “base
injury severity outcome,” the binary logit parameters could be estimated and the severity
probabilities predicted using Equations 37 and 38.

- D@y v
2 -#) = 5>0 &8,y 1, (Eq.37)

A$%)N=1 F 2-# (Eq. 38)
The binary logit is a key modeling altative for multiple reasons, including:

€ Sample size challenges, particularly those @ased with more severe injury outcomes,
may limit the SDFs to being only “two-category SDFs” (an example of which is provided
in Equations 37 and 38);

€ When injury severity outcomes are classifiet more than two categories, estimating a
series of binary logit models insteadasf MNL model can “temper” estimation issues
when IlA is violated.

Anytime that more than one severity outcoms ttabe combined into one severity outcome
category for SDF estimation (e.g., combining both “K” and “A” crashes into a “KA” category),
the severity outcome proportionan later be disaggregatedttwa combination of the SDF
probability prediction and default severtistributions for those categories.

Treatment of Collision Type in Predictive Methods

The way in which collision type is addresseithim the HSM interseabin predictive methods is
also different from chapter to chapter, but nathi® extent of severity differences. In Chapter 10
(Rural Two-Lane, Two-Way Roads), Chapter(Rural Multilane Highways), and Chapter 19
(Ramps), intersection SPFs predict averagehdrasjuency for all collision types combined.
Default collision type distribiions are then used to disaggate the crash predictions by
collision type. Different defaultollision type distributions arprovided for different crash
severities. An appendix to Chapter 11 alsovpates alternative SPFs by collision type for
intersections along rural multilane highways. ThévH®tes the advantage of this is that more
accurate safety prediction for a specific callistype can be obtained using a model developed
specifically for that collision type than froming a model for all collision types multiplied by a
collision type proportion. Thdisadvantages include modekaeability for only selected

collision types and the sum of predictions from a series of collision type models will not
necessarily equal the prediction for a model waitithose collision types combined. There were
no base conditions or CMFs specific to the alternative SPFs. In Chapter 12 (Urban and Suburban
Arterials), intersection SPFs and other preédecmethod componenfsedict average crash
frequency for the following collision types: M§xcluding crashes invaivg a pedestrian or
bicyclist); SV (excluding crashes involving a pstiten or bicyclist); vehicle-pedestrian; and
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vehicle-bicycle. Handling caflion types within HSM predictey methods remains a topic of
ongoing research.

Calibration Factors for Predictive Models

The HSM calibration procedures for both predietimethods and SDFs are described in Section
2.1.6 of this report. In 2014, Bar and Hauer (2014) preparedJ&er’s Guide to Develop
Highway Safety Manual Safety Perf@nce Function Calibration Factort® expand on
calibration-related information provided to H®M user (currently contained in the HSM's
Appendix A of Part C), covering four kegpects of predictive model calibration:

Why calibration is needed

How to implement the calibration process
How to assess the results of calibration

How to prepare for future calibration updates

ah dh dh b

2.3 Current Knowledge Related to Intersection Safety
This section summarizes recent literatutatesl to intersection safety, focusing on:

€ Predictive models developed for intersectioasfigurations and traffic control types not
currently addressed in the HSM,;

€ Recently developed CMFs for intersectiorattbould potentially be incorporated, or
used in conjunction, with intersection predictive models.

For this section, the research team reviewed literature published since 2008.

Predictive Models for Intersection Conf igurations and Traffic Control Types
Not Currently Addressed in the HSM

Several predictive models have been developethfersection configurations and traffic control
types not currently addressed i tHSM, including three-leg intersections with signal control on
rural highways and three- and four-leg interseiwith all-way stop aatrol on rural highways.
Virginia Department of Transportation (DOT)wid#toped SPFs using NB regression for several
different intersection types, ¢tuding three-leg intersections with signal control on rural

highways (Garber and Rivera, 2010). SPFs were created for both total and FI severity levels. A
total of 183 rural signalized tbe-leg intersections were usied model development. The

models consisted of major- and minor road AADT.

Safety Analyst contains SPFs developed for uggedicting the safety performance of specific
site subtypes (Harwood et al., 2009). The StReloped for Safety Analyst predict crash
frequency as a function of AADT only. NB regsion was used to create the SPFs. Data from
Minnesota were used to develihy intersection SPFs for Safety ayst. Within Safety Analyst,
SPFs to predict total and Flash frequencies are availalibe the following intersection
configurations and traffic control typenot currently addressed in the HSM:
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€ Three-leg intersections with allay stop control on rural highways

- Software makes use of SPF for four-letgemections with alWway stop control on
rural highways for three-leg intersectiongh all-way stop control on rural highways

€ Three-leg intersections with signal control on rural highways

- Software makes use of SPF for four-legiiséetions with signal control on rural
highways for three-leg intersectiow&th signal control on rural highways

€ Four-leg intersections with all-wastop control on rural highways
€ Three-leg intersections with allay stop control on urban streets

- Software makes use of SPF for four-letemections with alway stop control on
rural highways for three-leg intersectiongh all-way stop control on urban streets

€ Four-leg intersections with all-way stop control on urban streets

- Software makes use of SPF for four-letgemections with alWway stop control on
rural highways for four-leg intersectionsth all-way stop control on urban streets

The Pennsylvania DOT developed SPFs (Doretedl., 2014) for rural two-lane highway
segments and intersections. Of the five typdasatefsections examined, two intersection types
currently are not addressed in the HSM: three-leg intersections with signal control, and four-leg
intersections with all-wastop control. The SPFs were crebbased on a NB distribution. Forty-
five three-leg signalized inteections and thirty-three four-leg all-way stop-controlled
intersections in Pennsylvania were used fodet development. Several independent variables
were used in the regression modeling for bothdHeg intersections with signal control and
four-leg intersections with aliray stop control. The independent variables used in the SPF for
three-leg intersections with signal controlromal two-lane highways included major- and minor
road AADTS, posted speed limit on the major road, and the presence/absence of marked
crosswalks. For the four-legtersection with all-way stop control SPF, significant predictor
variables included major- and minor road AADTs and posted speed limit on the major road.
Vehicle speed or posted speed limit is a varitdd is not addressed amy fashion in the SPFs

in the first edition of the HSM for any roadway segments or intersections. It is accounted for in
some manner for ramps.

Recently Developed CMFs for Intersect ion Predictive Models Not Currently
Addressed in the HSM

The following paragraphs summarize recently developed CMFs that are not addressed in the
current HSM intersection prediee methodology and are not peesed in HSM Part D, but

could potentially be considered for use in afetedition of the HSM. The CMFs presented in
this section address the follavg topics and countermeasures:

Intersection sight distance

Increase signal change interval

Change left-turn phasing from qoeissive to protected-permissive

Implement protected-permissive phasing with flashing yellow arrow for permissive phase

a dh dh b
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€ Install dynamic signal warning flashers
€ Discontinue late nighftash operations at sigtized intersections
€ Construct bypass lanes

In NCHRP Project 17-59, rese@ers developed CMFs fortarsection sight distance at
unsignalized intersections (i.e., intersections wwithor road stop control). CMFs are available
for total target crashes (i.erashes involving a vehicle on the mainline and a vehicle on the
minor road) and several subsets of target craslegling: injury crashg, right-angle crashes,
angle crashes, left-turn crashes, and daytimshas. CMFs vary by major route volume, minor
route volume, and availablet@rsection sight distance.

Srinivasan et al. (2011) dewgled several CMFs based on inchegghe yellow interval, all red

interval, and both, as well as comparing thange interval to Institute of Transportation

Engineers (ITE) recommendations. CMFs were bigex for total and FI severity levels and

angle and rear-end crashes at urban signalized intersections. The CMFs were developed based on
a before-after EB analysis. The CMFs tvate found statisticallgignificant at the 0.05

confidence level were for: increase the allirgdrval (total crashes); increase the change

interval while still below ITE recommendatioro{al crashes and Fl crashes); and increase the
change interval while greater thArE recommendatiofrear-end crashes).

Srinivasan et al. (2011) conducted a before-&tanalysis that produced CMFs for changing
the left-turn phasing from perssive to protected-permissiveuaban signalized intersections.
There are separate CMFs for treating a singleagmbr and treating more than one approach, as
well as CMFs for total crashes, FI crasHe#;turn-opposing-through crashes, and rear-end
crashes. Srinivasan et al. (2011) conducted@a®after EB and comparison group analysis to
create CMFs for using a flashing yellowaw for the permissive phase on a protected-
permissive left turn at urban signalized mstxtions. CMFs were broken down into several
categories based on permissive and protectaslipd, and each category has a CMF for total
crashes and left-turn crashesnson and Troy (2015) also studib@ safety effectiveness of
replacing protected only, proted-permissive, and permissioety left turns with flashing
yellow arrows using an EB before-aftmethodology to develop several CMFs.

Srinivasan et al. (2011) dewpled CMFs for installing dynamic signal warning flashers using
data from 30 signalized intergems and cross-sectional moddeldMFs were developed for total
crashes, rear-end crashes, angle crashesasties, and heavy-vehicle crashes. The CMFs are
applicable to urban and ruisites as well as three-leg and four-leg intersections.

Lan and Srinivasan (2013) used naive befdieraEB before-after, and Full Bayesian (FB)
before-after (univariate Poisson-gamma as well as multivariate Poisson-log normal models)
analysis approaches to establish CMFs for remplate night flash operatis at rural and urban
signalized intersections. Signalizedersections in North Carolina were examined: 61 sites with
the treatment and 395 reference sites. CMFs were developed for total nighttime crashes,
nighttime FI crashes, and nigime frontal impact crashes.

Shams and Dissanayake (2014) quantified theysh@mnefits of constructing bypass lanes at
rural unsignalized intersections. A case-constudy was used to estimate the safety
effectiveness of bypass lanes attbihree- and four-leg unsigineed intersections. There were
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382 treated sites (302 four-leg, BBee-leg intersections) and 367 untreated sites (319 four-leg,
48 three-leg intersections) includlen the study. CMFs were estiradtfor total crashes (i.e., all
collision types and severity levels).

2.4  Survey of Current Practi ce and Crash Prediction Needs

The research team conducted a survey of ataddocal highway agencies and HSM users to
inquire about their use amXperiences with the HSMhe survey was intended to:

€ Better understand users’ experienagéh the first edition of the HSM
€ Identify and prioritize intersection configti@an needs for future editions of the HSM

€ Identify and prioritize intersection design elergeand traffic control features considered
by engineers and planners ihgr the project developmeptocess that should be
addressed in the new models

€ Identify potential agencies (and contactsivtark with towards the completion of the
research objectives

The survey was conducted online using SurveyMonkey, a web-based survey package. Responses
from 24 state highway agencies, eight cgloity highway ageadies, and one FHWA

representative were received.eT$urvey results are summarizeglow. Responses to categorical
guestions are summarized by showing boéhglrcentage of the responses and the
frequency/number of responsd®®n in parentheses. For questions inquiring about priorities, as
appropriate, the responses ardexbin priority order.

Survey Results: HSM Intersection Survey
€ What type of agency do you work for?

State highway agency 73.5% (25)
County agency 11.8% 4)
Township agency 0% 0)
City or other municipal agency 11.8% (4)
Design consultant 0% 0)
Federal agency 2.9% )

€ What is your role within your agency?

Safety engineer 52.9% (18)
Traffic engineer 29.4% (20)
Design engineer 5.9% (2)
Planner 2.9% (1)
Other 8.8% 3

€ Has your agency incorporated the HSM igtur policies, practices, and procedures?
Yes 63.6% (21)
No 36.4% (12)

€ How frequently does your agency use HSM procedures?
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Very often 11.8% (4)
Regularly 26.5% 9)
Occasionally 38.2% (13)
Rarely 23.5% (8)
Never 0% (0))

€ Please indicate which parts of the HSM yagency uses frequently (select all that

apply).
Part A—Introduction, Human Factors, and Fundamentals of Safety 21.2% @)
Part B—Roadway Safety Management Process 42.4% (14)
Part C—Predictive Methods 60.6% (20)
Part D—Crash Modification Factors 78.8% (26)
We have never used the HSM 3.0% (2)

€ Has your agency implemented HSM Part Ggadures (crash prediction methods) as
part of the planning and/or design afgrade intersection projects?

Yes 38.2% (13)
No 61.8% (21)

€ For which types of at-grade intersectiomass your agency used the HSM Part C
procedures (check all that apply)?

Intersections along rural two-lane highways 70.0% (14)
Intersections along rural multilane highways 40.0% (8)
Intersections along urban and suburban arterials 65.0% (13)

€ What improvements or enhancements would be desirable for the HSM at-grade
intersection procedures (please describe)?
€ Responses included adding specific SPFs for different types of control, SPFs for urban and suburban

arterial intersections with six and eight lanes. One respondent suggested adding a method to estimate
AADT on minor road approaches when precise AADT is not available for the minor road approaches.

€ What tools has your agency used tpliement the HSM Part C procedures for
intersections (ckck all that apply)?

Interactive Highway Safety Design Model (IHSDM) 29.2% (7
Spreadsheet-based tools 75.0% (18)
Tools developed by your agency 45.8% (11)
Other (please describe below) 16.7% (4)

€ Vision Zero Suite and ISATe were two tools mentioned by respondents that answered “Other” for this
question.
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€ Has your agency developed its own SPFs for use with HSM Part C?

Yes

We plan to develop our own SPFs

No

€ If you answered “Yes” or “We plan to” to thprevious question, what stage of the model

26.5%
17.6%
55.9%

development are you currently at for the following facility types?

9)
(6)
(19)

and suburban arterials

Plan to start | Plan to begin Have Model
development | development Have begun completed development
sometime in within one development initial is comp lete
the future month development P
Intersections along rural o o o o o
two-lane highways 42.9% (6) 0% (0) 21.4% (3) 7.1% (1) 28.6% (4)
Intersections along rural o o o o o
multilane highways 46.2% (6) 0% (0) 23.1% (3) 7.7% (1) 23.1% (3)
Intersections along urban 26.7% (4) 0% (0) 20.0% (3) 33.3% (5) | 20.0% (3)

The following intersection types are not imbkd in the current HSM Part C procedures.

Please rate the priority for inclusion etch intersection type in HSM updates

( 1= lowest priority; 5 = highest priority (NOTE: Roundabouts witlot be addressed in

this project, but will be addressed in NCHRP Project 17-70.)

Lowest Highest .
Priority Priority VX\e/grgtes
1 2 3 4 5 g
L'gﬁ{rsoﬁ‘c“ons""'th all-way stop 6.2% (2)| 15.6% (5)| 21.9% (7)| 25.0% (8)| 31.2% (10) 3.59
Three-leg signalized
intersections on rural two-lane 9.4% (3)| 12.5% (4)| 25.0% (8)| 25.0% (8)| 28.1% (9) 3.50
highways
Intersections on high-speed 22.6% (7)|  3.2% (1)| 19.4% (6)| 12.9% (4)| 41.9% (13) 3.48
expressways
Three-leg signalized
intersections on rural multilane 15.6% (5)| 18.8% (6)| 21.9% (7)| 25.0% (8)| 18.8% (6) 3.13
highways
Three-leg intersections where
the through movement makes 6.3% (2)| 25.0% (8)| 34.4% (11)| 28.1% (9)| 6.2% (2) 3.03
a turning maneuver at the
intersection
Three-leg intersections with a
commercial driveway forming 9.4% (3)| 15.6% (5)| 50.0% (16)| 15.6% (5) 9.4% (3) 3.00
the fourth leg
Five-leg intersections 24.2% (8)| 21.2% (7)| 24.2% (8)| 21.2% (7) 9.1% (3) 2.70
Single-point diamond ramp 25.8% (8)| 19.4% (6)| 25.8% (8)| 25.8% (8)|  3.2% (1) 2.61
terminal at crossroad
Diverging-diamond ramp 19.4% (6)| 25.8% (8)| 35.5% (11)| 12.9% (4)|  6.4% (2) 2.61
terminals at crossroad
Intersections with yield control | 31 500 (10)| 37,50 (12)| 21.9% (7)|  9.4% (3)|  0.0% (0) 2.0
on minor approaches
Six-or-more-leg intersections 45.2% (14)| 22.6% (7)| 22.6% (7) 3.2% (1) 6.4% (2) 2.03
Intersections with no control
(typically very low traffic 60.6% (20)| 18.2% (6)| 12.1% (4) 6.1% (2) 3.0% (1) 1.73
volumes)
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€ Are there any other intersection configumats not listed in thprevious question that
you believe should receive high pitg for inclusion in the HSM?

- U-turn intersections, also referred to as J-turn intersections, were mentioned the most by survey
respondents. Continuous flow intersections and continuous green “T” intersections were also mentioned
frequently. Roundabouts and one-way crossing two-way intersections were also suggested by
respondents; however, these intersection types are being addressed in other NCHRP projects.

€ Current HSM procedures include the effemtissafety of number of intersection legs,
intersection traffic control, major- and mor road AADTS, intersection skew angle, left-
and right-turn lanes, left-turn phasing, righifrh-on-red, lighting, and red light cameras.
What additional intersection design elements shouldalayi have safety effects
included in HSM predictive methd&éPlease check all that apply.)

Intersection sight distance 71.9% (23)
Number of approach lanes 62.5% (20)
Horizontal alignment on approaches 59.4% (29)
Offset left-turn lane 59.4% (19)
Median width 50.0% (16)
Vertical alignment on approaches 50.0% (16)
Sight distance to traffic control device 43.8% (14)
Median type 43.8% (14)
Curb return radius 25.0% (8)
Transverse rumble strips 21.9% @)
Approach width 21.9% @)
Bulbout 21.9% @)
Raised intersection 3.1% (2)

- Additional design elements suggested by survey respondents included lane width, presence of dual turn
lanes (left and/or right), and right-turn channelization.
€ Which intersection traffic control features slwbdesirably have safesffects included in
HSM predictive methods?

- Typical responses included advance warning flashers, attributes of signals (flashing yellow arrow,
presence of coordinated/adaptive signal, signal head size, right-turn overlap and retroreflective signal
backplates), and pedestrian countdown signals.

€ For development of the next edition of the HPMase rate the priority that should be
assigned to each of the following (lewest priority, 5 = highest priority).

Lowest Highest .
Priority Priority szggte:
1 2 3 4 5 9

Adding new at-grade
intersection types to the HSM 6.3% (2) | 15.6% (5)| 18.8% (6)|31.2% (10) | 28.1% (9) 3.59
Part C procedures

Improving current HSM Part C
procedures for existing
intersection types (e.g.,
replacing crash severity
distribution tables with crash
SDFs)

Developing pedestrian crash
prediction procedures for 9.1% (3) | 12.1% (4) |33.3% (11) | 21.2% (7)| 24.2% (8) 3.39
additional intersection types
Developing new bicycle crash
prediction procedures

6.1% (2)| 18.2% (6)| 24.2% (8)| 24.2% (8)| 27.3% (9) 3.48

15.2% (5) | 24.2% (8)| 15.2% (5)| 21.2% (7)| 24.2% (8) 3.15
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€ What types of data does your agency have abkalfor intersections #t might be useful
for development of intersection crash preidic models? (Please ebk all that apply.)

Intersection characteristics (intersection inventory data) 54.6% (18)
AADT data for major road legs of intersections 93.9% (31)
AADT data for minor road legs of intersections 69.7% (23)
Pedestrian volumes at intersections 3.0% (2)
Bicycle volumes at intersections 3.0% (2)
Crash data for intersections 97.0% (32)

€ For which of the following intersection typegses your agency haveficient locations
for development of intersection crash preidic models (25 or nre intersections are
desirable)? (Please etk all that apply.)

Intersections with all-way stop control 70.4% (19
Intersections on high-speed expressways 48.2% (13)
;I;Zree-leg intersections with a commercial driveway forming the fourth 37.0% (10)
Intersections with no control (typically very low traffic volumes) 29.6% (8)
Three-leg intersections where the through movement makes a turning 18.5% )
maneuver at the intersection )

Single-point diamond ramp terminal at crossroad 18.5% (5)
Intersections with yield control on minor approaches 14.8% (4)
Five-leg intersections 14.8% 4
Diverging-diamond ramp terminals at crossroad 7.4% 2
Six-or-more-leg intersections 0.0% (0)

€ Would your agency be willing to supply d&b the NCHRP Projedt7-68 research team
for developing intersection crash prediction models?

Yes 21.9% (7)
Possibly (after further discussion) 75.0% (24)
No 3.1% (1)

2.5 Summary of Current Knowledge Related to Intersection Crash
Prediction Modeling

The existing HSM crash predictive methotldhave a common structure to estimate the
expected average crash frequency, which include:

SPFs;

Crash severity and collision type distributions;
CMFs;

Calibration procedures;

EB estimation.

a d d dh

However, the sophistication of the predictivetihhaels has evolved as the chapters have been
developed. In particular, the science of brasverity prediction has evolved. Specifically,
Chapter 10 uses SPFs for all crash severities cadpmith tabulated seveéyidistributions used

to disaggregate the crash fregog predictions by individual ash severity levels. Chapters 11
and 12 use separate SPFs by crash severity lelidd, Chapter 19 uses a single SPF for all FI
crash severity levels combined and a sep&@gte for PDO crashes and then uses crash SDFs to
disaggregate the overall crashduency by severity level.
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SPFs for intersections are equations thatedte expected intersection crash frequency

(possibly by type and/or sewty) for some defined time period to characteristics of the

intersection. In the conterf the HSM intersection predige methods, SPFs are used to

estimate a predicted average intersection drasjuency for a given combination of major- and
minor road traffic volumes. The progress madmethodological approaeb that have been

used to develop SPFs and to understand how various factors influence the frequency of crashes
has been substantial sintbe publication of the fitsedition of the HSM.
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Chapter 3.
Development of Models for Use in HSM Crash Prediction
Methods: Intersections with All-Way Stop Control

This section of the report dedwes the development of crash prediction models for all-way stop-
controlled intersections and presents the fmatlels recommended for incorporation in the
second edition of the HSM. None of the HSMtRa chapters in the first edition of the HSM
include crash prediction models for all-wstpp-controlled interséions. Crash prediction

models are recommended for thédwing intersection types for éhsecond edition of the HSM:

€ Four-leg intersections with all-way stopntrol (4aST) on rural two-lane roads
€ Three-leg intersections with all-way stopnt¢rol (3aST) in urban and suburban areas
€ Four-leg intersections with all-way stoprdrol (4aST) in urban and suburban areas

Section 3.1 describes the site selection amta dallection process for developing the crash
prediction models for all-way stop-controlledersections. Section 3.2 presents descriptive
statistics of the databases used for mode¢id@ment. Section 3.3 @sents the statistical
analysis and SPFs developed for all-way stoprotiat intersections. Section 3.4 presents the
CMFs recommended for use with the SPFs. Se&ibmpresents the resutifan analysis to
develop SDFs for use with the total SPFdthiway stop-controlledntersections, and

Section 3.6 summarizes the recommendations éarporating new crash prediction models for
intersections with alway stop in the second edition of the HSM.

3.1 Site Selection and Data Collection

A list of potential intersections for model démgment was initially created using Highway
Safety Information System (HSIS) or Sfénalyst databases from five states:

California (CA)
lllinois (IL)
Minnesota (MN)
Nevada (NV)
Ohio (OH)

a dh b dh

Each intersection in the list wastially screened using Google Edftto determine if the site
was suitable for inclusion in model developm&everal reasons a site could be deemed
inappropriate for use in model development were:

The traffic control at the intersection wemmething other than all-way stop control.
A private driveway was located inoge proximity to the intersection.

One or more of the approaches to thensection was a private/commercial access.
Google Street Vief'was not available to identify leg specific attributes.

One or more of the interseati legs was a one-way street.

a dh b dh
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Each intersection that was initially deemed appiate for inclusion in model development was
given a unique identification codad included in a refined database for detailed data collection.

Three types of data were colledtfor each intersection duringtdsed data collection: site
characteristic, crash, andffia volume data. Google Eafttwas used to collect detailed site
characteristics of the intersections. To redoaential errors durindata collection and to
streamline data entry, a data collection toos weeated using Visu8asic for Applications.
Figure 4 shows a screenshot of the data colleabiolnuised to collect detailed site characteristic
data for all-way stop-aurolled intersections.

Figure 4. Data collection tool

The items in the data collection tool dynamically changed based on intersection type and
presence of features. For example, if the daltaator input that the itersection was a three-leg
intersection, then the form dynasally changed to only include attributes for three legs. As an
additional example, if the data collector setelctno median present” for an approach, then
median related attributes would dynamicaligappear from the form. Table 3 lists the
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intersection attributes collected, their défons, and permitted values for all-way stop-
controlled intersections. Once a#igessary data were entered itite data collection tool and
saved for a given intersection, thata collection tool was usedl validate the inputs for that
particular intersection consistent with the ramgnd/or permitted values for the respective

variables/parameters.

Table 3. Site characteristic variables collect

ed for all-way stop-controlled intersections

Variable/Parameter

| Definition

Range or Permitted Values

General Intersection Attributes

Intersection configuration (i.e., number of legs and

Indicates the number of legs and type of

the intersection proper

type of traffic control) traffic control 3aST, 4aST
Area type (urban/rural) Indicates whether the intersection is in a Rural, urban
rural or urban area
. Indicates if overhead flashing beacons are
Presence of flashing beacons : - Yes, no
present at the intersection proper
Presence of intersection lighting Indicates if overhead lighting is present at Yes, no

Approach Specific Attributes

Route name or number

Specify the route name or number of the
approach

Location at intersection

Side/quadrant of the intersection the
approach is located

N, S, E, W, NE, NW, SE, SW

This includes dedicated through lanes and
any lanes with shared movements. On the

movement can be made

Number of through lanes minor approach of a 3-leg intersection, if 0,123
there is only one lane, then it should be
classified as a through lane

Presence/number of left-turn lanes The number of lanes in which only a left-turn 0,1,23

Left-turn channelization

Type of left-turn channelization used on the
intersection approach

Raised or depressed island,
painted, none

Presence/number of right-turn lanes

The number of lanes in which only a right-
turn movement can be made

0,1,2,3

Right-turn channelization

Type of right-turn channelization used on the
intersection approach

Raised or depressed island,
painted, none

Measured from outside of outer most

directions of travel

Median width through lane of approaching lanes to outside Values in feet
of lane in opposing direction
Median type Type of median separating opposing Raised, depressed, flush, barrier,

two-way left-turn lane (TWLTL)

Presence of transverse rumble strips

Indicates the presence of transverse rumble
strips on the intersection approach

Yes, no, unknown

Presencel/type of supplementary pavement
markings

Indicates the presence of supplementary
pavement markings on the intersection
approach

Yes, no, unknown

Presence of stop ahead warning signs

Indicates the presence of Stop Ahead
warning signs on the intersection approach

Yes, no, unknown

Presence of advance warning flashers

Indicates the presence of advance warning
flashers on the intersection approach

Yes, no, unknown

Horizontal alignment of intersection approach

Indicates whether the approaching roadway,
within 250 ft of the intersection, is a tangent
or curved section of roadway

Tangent, curve

Horizontal curve radius

Indicates the radius of the curve on the
intersection approach if a curve is present
within 250 ft of the intersection

2,000-ft Maximum
Range: 45-1960 ft

Posted speed limit

Posted speed limit on the intersection
approach

15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, unknown

Presence of crosswalk

Indicates the presence of a crosswalk
perpendicular to the intersection approach

Yes, no, unknown

Presence of bike lane

Indicates the presence of a marked bike
lane parallel to the intersection approach

Yes, no, unknown

Presence of railroad crossing

Indicates the presence of a railroad crossing
on the intersection approach within 250 ft of
the intersection

Yes, no, unknown
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During detailed data collection, to the extentgole, the research team reviewed historical
aerial images to determine if a site had recently been reconstructed or improved to determine
which years of data should bhsed in model development.

Crash and traffic volume data were obtained for California and Minnesota using HSIS databases.
For lllinois, Ohio, and Nevada, crash and trafiidume data were obtained from Safety Analyst
databases. The goal was to obtain the most rém@nto six years of crash and traffic volume

data for each site for model development. All of the data (i.e., site characteristics, crash, and
traffic volume) were assembled into one database for the purposes of model development.

3.2 Descriptive Statistics of Database

Data for 405 sites—12 rural three-leg, 199 riwar-leg, 33 urban three-leg, and 161 urban

four-leg intersections—were available for deyetent of crash prediction models for all-way
stop-controlled intersections. THata collection sites were locatedfive states—California,

lllinois, Minnesota, Nevada, and Ohio. To remain consistent with the standards for development
of the intersection predictive models in the first edition of the HSM, the goal of this research was
to develop crash prediction models with a minm of 200 site-years of data, and preferably

450 site-years of data or more.

Traffic Volumes and Site Characteristics

Traffic volume and crash data were available for varying periods but were typically collected
over a five- or six-year periodable 4 shows the breakdownaif sites by area type and
intersection type. Study period (datnge), number of sites asite-years, and basic traffic
volume statistics are shown by state in each cayeyud across all states within a category.

Of the intersection characteristics collected in Google Egsibe Table 3), many showed no or
very little variability across sites within a cgtey (i.e., most intersections were predominantly
of one type for a specific viable) and were thus excludédm modeling. The remaining
variables (percent of “Yes” by area type indicaite parentheses) of potential interest in
modeling were:

presence of intersectiorghting (rural: 78%; urban: 93%)

presence of a flashing beac(rural: 44%; urban: 28%)

presence of left-turn lanes on major road (rural: 12%; urban: 21%)

presence of right-turn lanes on major road (rural: 32%; urban: 19%)

presence of supplementary pavement iingrkn major road (rural: 20%; urban: 16%)
presence of supplementary pavement ingrkn minor road (rural: 19%; urban: 14%)
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The use of some of these site characteristics is discussed later in the SPF model development
section (Section 3.3).
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Crashes

Of the 405 intersections included in the dasah&0 (17%) experienced no crashes over the
entire study period; their breakdown by angaetand intersection type is as follows:

Rural three-leg inteestions: 5 out of 12
Rural four-leg intersctions: 39 out of 199
Urban three-leg inteestions: 3 out of 33
Urban four-leg intersctions: 23 out of 161

ay dh dh dh

Intersection crashes were defiresithose crashes that occurrethin 250 ft of the intersection
and were classified as “at intersection” or “intersection-related”, consistent with recommended
practice in the HSM for assignirmgashes to an intersection.

Table 5 (rural intersectionshd Table 6 (urban intsections) show all crashes combined, SV,
and MV crash counts over the study period fahestate within an tersection type. Crash

counts by total, FI, and PDO sevgrievels are shown for all times of day and separately for
nighttime. SV crashes at rurat@nsections include crashes with a bicycle or a pedestrian, while
these two collision types are shown separdtalyrban intersections. This approach is
consistent with Chapters 10, 11, d@ftlin the first edition of the HSM.

Crash counts are also tallied byliston type and manner of colien across all states, separately
for each intersection type, in Table 7 (rural iseetions) and Table 8 (urban intersections).
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Table 4. Major- and minor road AADTs and total AADT statistics by area type at all-way stop-controlled intersections

Major Road AADT (veh/day) Minor Road AADT (veh/day) AADT ot (veh/day)
State Rz?]tgee l(\)lfu rsni:)eesr ,;iligl-t\)(ee;?; Min Max Mean Median Min Max Mean Median Min Max Mean Median

RURAL THREE-LEG INTERSECTIONS

IL 2008-2012 8 40 400 5,200 2,049 1,725 50 6,500 1,956 750 450 11,700 4,005 2,550

OH 2009-2013 4 20 560 6,250 2,921 2,438 650 4,384 2,061 1,605 1,402 10,634 4,982 3,947

All states | 2008-2013 12 60 400 6,250 2,340 1,725 50 6,500 1,991 796 425 11,700 4,331 2,550
RURAL FOUR-LEG INTERSECTIONS

CA 2006-2011 29 174 1,696 12,983 5,946 5,300 684 9,985 2,686 2,100 2,628 21,427 8,632 7,667

IL 2008-2012 87 435 421 9,100 2,518 2,300 275 3,750 1,517 1,450 696 11,850 4,034 4,100

MN 2007-2011 17 85 716 8,233 4,378 4,980 614 7,059 3,259 2,980 1,330 15,292 7,637 8,270

OH 2009-2013 66 327 798 8,214 3,062 2,690 130 5,680 1,628 1,475 1,262 13,538 4,690 4,283

All states | 2006-2013 199 1,021 421 12,983 3,357 2,799 130 9,985 1,873 1,638 696 21,427 5,230 4,506
URBAN THREE-LEG INTERSECTIONS

CA 2006-2011 4 24 3,725 12,000 7,433 7,004 501 4,872 2,469 2,251 3,801 15,300 8,682 7,534

IL 2008-2012 17 85 175 15,000 4,535 3,360 300 11,000 2,895 2,000 475 16,000 7,429 5,841

OH 2009-2013 7 35 2,450 6,821 4,534 4,470 914 6,456 4,534 5,124 3,384 24,705 11,277 9,487

All states | 2006-2013 28 144 175 15,000 4,948 4,185 300 11,000 3,244 2,433 475 24,705 8,901 8,400
URBAN FOUR-LEG INTERSECTIONS

CA 2006-2011 13 78 2,730 11,792 7,300 7,660 400 8,250 4,959 5,200 3,818 18,207 12,260 12,515

IL 2008-2012 60 300 1,150 10,900 4,820 4,100 438 8,500 2,822 2,650 1,950 17,400 7,643 7,000

MN 2007-2011 28 138 1,283 10,896 5,823 5,966 417 6,700 3,129 3,008 2,124 17,127 8,953 8,428

NV 2007-2011 26 130 2,156 12,955 9,731 10,230 770 11,982 6,493 6,872 2,926 24,770 16,224 16,991

OH 2009-2013 34 170 1,789 10,232 4,913 4,659 504 4,871 2,171 2,032 2,701 13,684 7,084 6,969

All states | 2006-2013 161 816 1,150 12,955 6,008 5,400 400 11,982 3,503 3,000 1,950 24,770 9,511 8,108
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Table 5. All crashes combined and single- and MV crash counts by intersection type and crash severity—

rural all-way stop-controlled intersections

Number Number Time All Crashes a
State Rzitee of of of Combined SV Crashes MV Crashes
9 Sites Site-Years | Day | Total | FI |PDO |[Total [FI | PDO [Total |[FI [ PDO
RURAL THREE-LEG INTERSECTIONS

All 34 | 9| 25 8 | 4 4 26 | 5 21

I 2008-2012 8 40 Night 11 | 4 7 6 | 3 3 5 1 4
All 9 5 | 4 3 2 1 6 3 3

OH 2009-2013 4 20 Night : 3 > 3 > I > I I
Al All 43 |14 | 29 | 11 |6 5 32 | 8 24
states | 2008-2013 12 €0 Night 16 7 9 9 5 4 7 2 5

RURAL FOUR-LEG INTERSECTIONS

All 252 | 77 | 175 | 26 | 4 | 22 | 226 | 73 | 153

CA 2006-2011 29 174 Night 49 |12 | 37 7 0 7 42 | 12 30
All 405 | 99 | 306 | 42 | 14| 28 | 363 | 85 | 278

. 2008-2012 87 435 Night 86 |22 | 64 | 12 | 5 7 74 | 17 57
All 55 | 22| 33| 12 | 6 6 43 | 16 27

MN 2007-2011 17 85 Night TR 5 . 2 5 5 5
All 279 | 75 | 204 | 48 [ 13| 35 | 231 | 62 | 169

OH 2009-2013 66 321 Night 83 | 19| 64 | 26 | 7 19 57 | 12 45
Al All 991 [273 | 718 | 128 |37 | 91 | 863 236 | 627
states | 2006-2013 199 1021 Night | 231 |60 | 171 | 50 |13 | 37 | 181 |47 | 134

a

Total and FI SV crashes include pedestrian and bicycle crashes.
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Table 6. All crashes combined, single- and MV, and pedestrian and bicycle crash counts by intersection type and crash severity—

controlled intersections

urban all-way stop-

Number Number ) All Crashes Multiple- Vehicle Pedestrian Bicycle

State Date Range of of Site T"g: of Combined SV Crashes Crashes Crashes Crashes
Sites Years Y [Total | FI | PDO | Total |FI [PDO |Total |FI |PDO FI FI

URBAN THREE-LEG INTERSECTIONS
All 18 9 9 10 6 4 8 3 5 0 0
CA 2006-2011 5 30 Night 7 4 3 4 2| 2 3 2 1 0 0
All 83 21 62 8 2 6 71 15 56 3 1
I 2008-2012 17 85 Night 26 3 23 5 0 5 20 2 18 1 0
All 78 16 62 22 5 17 55 10 45 0 1
OH 2009-2013 1 55 Night 24 4 20 12 3 9 12 1 11 0 0
All 179 46 133 40 13 | 27 134 28 106 3 2
All States 2006-2013 33 170 Night 57 11 26 51 5 16 35 5 30 1 0
URBAN FOUR-LEG INTERSECTIONS
All 89 34 55 14 3 11 73 29 44 2 0
CA 2006-2011 13 8 Night 16 5 11 7 1 6 9 4 5 0 0
All 608 | 132 | 476 20 2 18 566 | 108 | 458 14 8
L 2008-2012 60 300 Night 127 | 33 94 5 0 5 118 | 29 89 4 0
All 115 36 79 14 4 10 97 28 69 1 3
MN 2007-2011 28 138 Night 22 5 17 7 2 5 15 3 12 0 0
NV 2007-2011 26 130 All 180 | 67 | 113 28 9 19 152 | 58 94 0 0
Night 67 30 37 16 6 10 51 24 27 0 0
All 140 24 116 14 3 11 124 19 105 0 2
H 2009-201 4 17
© 009-2013 3 0 Night 36 7 29 4 1 3 32 6 26 0 0
All 1132 | 293 | 839 90 |21 | 69 | 1012 |242 | 770 17 13
All Stat 2006-2013 161 816 -

ates Night | 268 |80 | 188 | 39 |10 | 29 | 225 |66 | 159 4 0
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Table 7. Crash counts by collision type and manner of collision and crash severity at rural all-way stop-

controlled intersections

Rural Three-Leg Rural Fou r-Leg
Intersections Intersections
Total FI PDO Total FI PDO
SINGLE-VEHICLE CRASHES

Collision with animal 0 0 0 5 2 3
Collision with bicycle 0 0 0 4 4 0
Collision with pedestrian 0 0 0 1 1 0
Overturned 0 0 0 6 5 1
Other SV caollision 11 6 5 112 25 87
Total SV crashes 11 6 5 128 37 91

MULTIPLE-VEHICLE CRASHES
Angle collision 11 3 8 453 136 317
Head-on collision 0 0 0 14 4 10
Rear-end collision 18 5 13 289 81 208
Sideswipe collision 2 0 2 61 7 54
Other MV collision 1 0 1 46 8 38
Total MV crashes 32 8 24 863 236 627
Total Crashes 43 14 29 991 273 718

Table 8. Crash counts by collision type and manner of collision and crash severity at urban all-way stop-

controlled intersections

Urban Three-Leg Urban Fou r-Leg
Collision Type Intersections Intersections
Total | FI | PDO Total | FI | PDO
SINGLE-VEHICLE CRASHES
Collision with animal 0 0 0 0 0 0
Collision with bicycle 2 2 0 13 13 0
Collision with pedestrian 3 3 0 17 17 0
Overturned 2 2 0 2 1 1
Other SV collision 38 11 27 88 20 68
Total SV crashes 45 18 27 120 51 69
MULTIPLE-VEHICLE CRASHES
Angle collision 39 7 32 547 143 404
Head-on collision 1 1 0 6 3 3
Rear-end collision 69 18 51 316 62 254
Sideswipe collision 9 1 8 43 4 39
Other MV collision 16 1 15 104 30 70
Total MV crashes 134 28 106 1012 242 770
Total Crashes 179 46 133 1132 293 839
3.3 Safety Performance Functions—Model Development
Intersection SPFs were developed usitger Equation 2r Equation 3:
Zwm_gs <Z—c# "x '"kmmpg£o+ % "(mmp€)g (Eq. 2)
Zw_gs <2+ Sx ''(mmp€s)? (Eq. 3)
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Where:
Nspf int = predicted average crash frequefar an intersection with base
conditions(crashes/year)
AAD Tmaj = AADT on the major road (veh/day)
AADTmin = AADT on the minor road (veh/day)
AADTiotal = AADT on the major and minor roads combined (veh/day)
a,b,c,andd= estimated regression coefficients

Based on a review of the number of statdéesseite-years, and crashes for the database
assembled, data for all sites were used for model development to maximize the sample size
rather than using a portion of the data for maldeelopment and a portion for model validation.
All SPFs were developed using a NB regressmmalel based on all sgeombined within a

given area type and intersection type. In altels, state was included as a random blocking
effect, with sites nested withtheir respective staté significance level 00.20 for inclusion in

a model was selected for an individual param@tkis was based on previous models included
in the first edition of the HSM (Harwood &k, 2007); however, as presented below, all
parameters in the final models for all-way stoptcolled intersections were significant at the
0.10 level. PROC GLIMMIX of SAS 9.3 was used for all modeling (SAS, 2013).

Intersection characteristics varieddely among the sites in tliatabase as mentioned earlier.
For example, only a very small number of ingetsons satisfied the conditions of no lighting,
and no left- and right-turn lanes on the major road. Initiallygteempt was made to perform a
cross-sectional analysis includinaracteristics such as the preseaf left- and right-turn lanes
and others (e.g., presence of flashing beasgoplementary pavement marking on major or
minor road) in the model as binary variahleshe hope of estimatg a corresponding CMF.
However, except for lighting for some intersentigpes, none of the site characteristics was
statistically significant. Therefe, model development progeed using only the absence of
lighting at an intersection as the base ctodj consistent with the base condition for
intersection lighting in Chdgers 10 and 12 in the HSMlone of the other roadway
characteristics were cadsred in the modeling.

In the database, the distributions of intersections with and without lighting were as follows:

Rural three-leg intersections: 8higd; 4 unlighted (33% unlighted)

Rural four-leg intersections: 157 liggd; 42 unlighted (21% unlighted)

Rural three- and four-leigtersections: 165 lighted; 46lighted (22% unlighted)
Urban three-leg intersections: 28 ligt; 5 unlighted (15% unlighted)

Urban four-leg intersections: 152 lighted; 9 unlighted (5.6% unlighted)

Urban three- and four-legtersections: 180 lighted; 1shlighted (7.2% unlighted)

ah dh b dh dh
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Based on these distributions, the follagriifinal modeling approach was chosen:

€ Rural three-leg intersectionBecause of the small number of intersections, SPFs were
developed using both lightethd unlighted intersections combined; total crashes at
lighted intersections were adjusted imeese using the CMF for lighting based on the
work by Elvik and Vaa (2004) and shown in Equation 10-24 in Chapter 10 in the HSM
(i.e., divide rather than multiply the crees by the CMF), and the proportion of total
crashes for unlighted intersections that ecedi at night in theurrent database; and

€ All other intersections: SPFs were dedd using lighted intersections only and
adjusting in reverse for total crashes ghted intersections using the CMF for lighting
based on the work by Elvik and Vaa (20043 &hown in Equation 10-24 in Chapter 10
and Equation 12-36 in Chapter 12 in the H8M., divide rather than multiply the
crashes by the CMF).

For consistency with Chapters 40d 12 in the HSM, an attempt was made to develop SPFs for
the following crash severity levels and collision types:

€ Rural three- and four-leg intersections: tat@shes, including pedestrian and bicycle
crashes (similar to Equatiod®-8 and 10-9 in the HSM)

€ Urban three- and four-leg ingections: total, FI, and PD€ashes (excluding pedestrian
and bicycle crashes), separately for single- and MV crashes (siniEguations 12-21
and 12-24 in the HSM)

SPFs for vehicle-pedestrian anehicle-bicycle crastseat urban intersections could not be
developed as pedestrian and bieyvolumes were not available.

All potential models outlinedkmve were estimated. Several models of the form shown in
Equation 2 (using major- and minor road AADTS] dot converge. In those cases, SPFs of the
form shown in Equation 3 (using AA which is the sum of AADHa and AADTmin) were
estimated.

Developing SPFs at urban intecsions separately for single- and MV crashes produced no
usable models (i.e., either the model did cmtverge or the coefficient of AADT was
counterintuitive); therefa, single- and MV crasBavere modeled together.

The final SPFs for total crashes (i.e., all sgydevels combined) at rural all-way stop-
controlled intersections are shownTiable 9; only models with AADdta were found to be
significant. The table shows the model coedfits and overdispersion parameter (estimate),
their standard error, and associated p-valuesigaificance level) for each intersection type.
Figure 5 (three-leg) and Figurgféur-leg) graphically presetihe SPFs shown in Table 9 for
various major- and minor approach AADT levels.

Similar to Tables 10-5 and 10-6 in the HSMples 10 and 11 provide percentages for crash
severity levels and collision types and marwfezollision, respectively, for rural all-way stop-

controlled intersections. Thepercentages were calculategéd on all crash counts at all
intersections—Ilightednd unlighted—in all states combined.
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Table 9. SPF coefficients for intersections with all-way stop control on rural two-lane highways

Intersection Type Parameter Estimate St;?%?rd Pr>F Significance Level
TOTAL CRASHES?
Intercept -9.05 3.28 -- --
Three-Leg IN(AADT totar) 1.06 0.40 0.03 Significant at 95% level
Overdispersion 0.94 0.58 -- --
Intercept -9.67 1.09 -- --
Four-Leg IN(AADT totar) 1.12 0.12 <.01 Significant at 99% level
Overdispersion 0.39 0.07 -- --

a8 Includes SV, MV, pedestrian, and bicycle crashes.
Base condition: absence of lighting.

Figure 5. Graphical representation of the SPF for total crashes at rural three-leg, all-way stop-controlled
intersections
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Figure 6. Graphical representation of the SPF for total crashes at rural four-leg, all-way stop-controlled
intersections

Table 10. Distributions for crash severity level at rural all-way
stop-controlled intersections

Percentage of Total Crashes

Rural Three-Leg Rural Four-Leg
Crash Severity Level All-Way All-Way

Stop-Controlled Stop-Controlled

Intersections Intersections
Fatal 0.0 0.3
Incapacitating injury 4.7 3.6
Non-incapacitating injury 14.0 11.2
Possible injury 14.0 12.4
Total fatal plus injury 32.6 27.5
Property-damage-only 67.4 72.5
Total 100.0 100.0
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Table 11. Distributions for collision type and manner of collision and cr

controlled intersections

ash severity at rural all-way stop-

Percentage of Total Crashes by Collision Type

Rural Three-Leg Rural Four-Leg
. All-Wa All-Wa
Collision Type Stop—Contrz)/IIed Stop—ContrgIIed
Intersections Intersections
Total F PDO Total Fl PDO
Single-Vehicle Crashes
Collision with animal 0.0 0.0 0.0 0.5 0.7 0.4
Collision with bicycle 0.0 0.0 0.0 0.4 15 0.0
Collision with pedestrian 0.0 0.0 0.0 0.1 0.4 0.0
Overturned 0.0 0.0 0.0 0.6 1.8 0.1
Other SV collision 25.6 42.9 17.2 11.3 9.2 12.1
Total SV crashes 25.6 42.9 17.2 12.9 13.6 12.7
Multiple-Vehicle Crashes
Angle collision 25.6 21.4 27.6 45.7 49.8 44.2
Head-on collision 0.0 0.0 0.0 1.4 1.5 1.4
Rear-end collision 41.9 35.7 44.8 29.2 29.7 29.0
Sideswipe collision 4.7 0.0 6.9 6.2 2.6 7.5
Other MV collision 2.3 0.0 3.4 4.6 2.9 5.3
Total MV crashes 74.4 57.1 82.8 87.1 86.4 87.3
Total Crashes 100.0 100.0 100.0 100.0 100.0 100.0

Table 12 shows the coefficientschassociated statistics of theal SPFs for urban all-way stop-
controlled intersections. Usable deds were developed for Fl and PDO severity levels, but none
for total severity (i.e., all severity levels coméd). For these intersection types, crashes for total

severity can be estimated by summing predi¢teand PDO severitgrashes. Figures 7-10

graphically present the SPFs shown in Table 12 for various major- and minor approach AADTSs.

Table 12. SPF coefficients for intersections with all-way stop co

ntrol on urban and suburban arterials

Intersection Typea Parameter Estimate StE?i?rd Pr>F Significance Level
Fl Crashes ?
Intercept -8.19 2.78 -- --
Three-Leg IN(AAD T ota) 0.77 0.31 0.02 | Significant at 95% level
Intersections
Overdispersion 0.07 0.20 -- --
Intercept -11.62 1.88 -- -
Four-Leg In(AADTmaj) 0.92 0.24 <.01 | Significant at 99% level
Intersections IN(AADTmin) 0.32 0.17 0.06 | Significant at 90% level
Overdispersion 0.66 0.14 -- --
PDO Crashes
Intercept -7.94 2.40 -- --
Three-Leg IN(AAD T ota) 0.85 0.26 <.01 | Significant at 99% level
Intersections
Overdispersion 0.37 0.19 -- --
Intercept -8.58 1.58 -- -
Four-Leg In(AADTmaj) 0.64 0.20 <.01 | Significant at 99% level
Intersections IN(AADTmin) 0.36 0.15 0.01 | Significant at 99% level
Overdispersion 0.78 0.12 -- --

2 Includes single-and MV crashes only (i.e., pedestrian and bicycle crashes are excluded).

Base Condition: Absence of lighting.
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Figure 7. Graphical representation of the SPF for FI crashes at urban and suburban three-leg, all-way stop-
controlled intersections

Figure 8. Graphical representation of the SPF for PDO crashes at urban and suburban three-leg, all-way
stop-controlled intersections
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Figure 9. Graphical representation of the SPF for FI crashes at urban and suburban four-leg, all-way stop-
controlled intersections

Figure 10. Graphical representation of the SPF for PDO crashes at urban and suburban four-leg, all-way stop-
controlled intersections
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Table 13 (similar to Table 11 for rural intersens) provides percentages of total crashes by
collision type and severity level for urbal-way stop-controlled intersections. These
percentages were calculatedéd on all crash counts at all intersectiefighted and
unlighted—in all states combined.

Table 13. Distributions for collisionty  pe and manner of collision and crash  severity at urban and suburban
all-way stop-controlled intersections

Percentage of Total Crashes by Collision Type
Urban Three-Leg Urban Four-Leg
. All-wa All-Wa
Collision Type Stop-ContrgIIed Stop-ContrgIIed
Intersections Intersections
Total Fl PDO Total FI PDO
SINGLE-VEHICLE CRASHES
Collision with animal 0.0 0.0 0.0 0.0 0.0 0.0
Overturned 11 4.8 0.0 0.2 0.4 0.1
Other SV collision 21.76 26.2 20.3 8.0 7.8 8.1
Total SV crashes 22.9 31.0 20.3 8.2 8.2 8.2
MULTIPLE-VEHICLE CRASHES
Angle collision 22.3 16.7 24.1 49.4 53.6 48.1
Head-on collision 0.6 2.4 0.0 0.5 1.1 0.4
Rear-end collision 39.4 42.9 38.3 28.5 23.3 30.2
Sideswipe collision 5.1 2.4 6.0 3.9 15 4.6
Other MV collision 9.7 4.8 11.3 9.4 12.4 8.5
Total MV crashes 77.1 69.0 79.7 91.8 91.8 91.8
Total Crashes 100.0 100.0 100.0 100.0 100.0 100.0

For urban intersections, the predicted averagstcirequency excludes vehicle-pedestrian and
vehicle-bicycle crashes. To calculate a predietegtage crash frequency of an intersection that
includes vehicle-pedestrian amnehicle-bicycle crashes, tipgedictive model is given by

Z_~ Seqyes= kKz.+ z_ s+ z-....0¢ O, (Eq. 4)

Where:

Npredicted int = predicted average crash frequefayan individual intersection for the
selected year (crashes/year)

Nbi = predicted average crash frequeatgn intersection (excluding vehicle-
pedestrian and vehicle-bicycle crashes) (crashes/year)
Npedi = redicted average crash frequentyehicle-pedestain crashes of an

intersection (crashes/year)

Nbikei = predicted average crash frequentvehicle-bicycle crashes of an
intersection (crashes/year)
Ci = calibration factor to adjust the SRIF intersection type i to local conditions

Similar to Table 12-16 in the HSM, Table 14 pdw®s pedestrian crash adjustment factors for
urban all-way stop-controlled inections. The number of veleepedestrian crashes per year
for an all-way stop-controlled intersection is estimated as:
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Oagx® 0% Baxu (Eqg. 9)

Where:

fpedi = pedestrian crash adjustméattor for intersection type

Table 14. Pedestrian crash adjustment factors for ur ~ ban and suburban all-way stop-controlled intersections

Intersection Pedestrian Crash
Adjustment Factor
Type
(fpedi)
Three-Leg 0.017
Four-Leg 0.015

Similar to Table 12-17 in the HSM, Table 15 prasdicycle crash adjustment factors for urban
all-way stop-controlled intersections. The numbevaetiicle-bicycle crashes per year for an all-
way stop-controlled intersection is estimated as:

Opupp P Bupgu (Eq.12)

Where:

foikei = bicycle crash adjustmefactor for intersection type

Table 15. Bicycle crash adjustment factors for urban and suburban all-way stop-controlled intersections

Intersection Bicycle Crash
Tvpe Adjustment
yp Factor (f bikei)
Three-Leg 0.011
Four-Leg 0.011

Following the development of the crash prediction models for rural and urban and suburban all-
way stop-controlled intersectiontbe research team conductedhpatibility testing of the new
models to confirm that the new models providasonable results ovatbroad range of input
conditions and that the newotels integrate seamlessly weRisting intersection crash
prediction models in the first edition of the MSThe graphical representations of the crash
prediction models in Figures 5-10 provide some sense of the reas@sabdéthe new models
for all-way stop-controlled intersections. Nothiingm these figures suggests that the models
provide unreasonable results. In additior, tiew models for all-way stop-controlled
intersections were comparedthe associated minor road stopatrolled intersection SPFs in the
HSM. Figure 11 illustrates a comparison of the predicted average crash frequency for total
crashes based on the 4aST model for rural twe-ftaads (Table 9) to the predicted average
crash frequency based on the 4ST model in @nd® of the HSM. In the figure, the dashed
lines represent the predicted average crasfuénecy for the 4aST mokl@and the solid lines
represent the predicted average crash frequiem¢he 4ST model in the HSM. Similarly,

Figure 12 illustrates a comparison of the predicted averagefoegstency for FI crashes based
on the 4aST model for urban and suburban atse(Table 12) to the predicted average crash
frequency based on the 4ST model in ChaptesftBe HSM. In both instances, as major
approach AADT increases, the 4aST SPFs préelicer crashes than the 4ST SPFs in the HSM
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which seems reasonable as the traffic contrallavay stop-controlledhtersections provides
more direction in terms of defimjj the right of way through the intersection for drivers so it is
reasonable to expect fewer crashes at all-w@ysontrolled intersections than intersections

with minor road stop control, given the satradfic volumes. Although not presented herein, a
similar trend was found in terms of the 3aST Spreslicting fewer crashes than the 3ST SPFs in
the HSM as the major road AADT increases foeligsections on urban asdburban arterials.

In summary, the models for all-way stop-controlled intersections appear to provide reasonable
results over a broad range of input conditions @an be integrated seamlessly with existing
intersection crash prediction models in the first edition of the HSM.

Figure 11. Comparison of new crash prediction model to existing model in HSM: 4aST vs 4ST
on rural two-lane roads (total crashes)
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Figure 12. Comparison of new crash prediction model to existing model in HSM: 4aST vs 4ST on urban and
suburban arterials (FI crashes)

3.4 Crash Modification Factor

During the development of the crash predicticrdels for all-way stop-atrolled intersections,
three potential sources of CMFs fe with the SPFs were considered:

€ CMFs developed as part of this resedraked on a cross-sectional study design and
regression modeling

€ CMFs already incorporated into the firsitexh of the HSM and applicable to all-way
stop-controlled intersections

€ High quality CMFs applicablt all-way stop-controlled tersections developed using
defensible study designs (e.g., observational before-after evalsaitias using SPFs—
the EB method), as referenced in FHW&BF Clearinghouse witfour or five-star
quality ratings or based on a review of relevantrggetion safety literature

Based on the regression modeling as part of this research, no geometric features or traffic control
devices were identified for CMF development. Based on a review of the CMFs already
incorporated in the first edition of the HSM and other potential high-quality CMFs developed
using defensible study designs, the only CMF e identified for potential use with the crash
prediction models for all-way stop-controlledarsections was the CMF for intersection lighting
based on the work by Elvik and Vaa (2004), whichlentified for usavith the intersection

crash prediction models in Chapters 10,drid 12 of the first edition of the HSM.
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Thus, the only CMF recommended for use it final SPFs for all-way stop-controlled
intersections is the CMF fantersection lighting based onetvork by Elvik and Vaa (2004).
With this CMF, the base condition is the abseatintersection lighting. The CMF for lighted
intersections is similar to the CMF in Edaa 10-24 (rural interseions) and Equation 12-36
(urban intersections) in the HSM and has the form:

% /(=1 FO.38x% L4y (Eq. 39)
Where:
CMF =  crash modification factor for tlegfect of lighting ortotal crashes; and
Prni = proportion of total crashes for uriigd intersections that occur at night.

This CMF applies to total intersection crashiesble 16 (similar to Tables 10-15 and 12-27 in
the HSM) presents values for the nighttime crash proportigriyparea type and intersection

type.

Table 16. Nighttime proportions for unlighted all-way stop-controlled
intersections by area and intersection type

Intersection . Pro_portion of
Type Nighttime Crashes
(pni)
RURAL INTERSECTIONS

Three-Leg 0.363
Four-Leg 0.284

URBAN AND SUBURBAN INTERSECTIONS
Three-Leg 0.187
Four-Leg 0.277

Recent research by Washington State DOT has ra@sukrns about whether use of the lighting
CMF in the HSM is appropriate. Based on their research, van SchalkaK2016) concluded
that the contribution of continuous illumination to nighttiamash reduction is negligible.
However, we have recommended this CMFdpplication to all-way stop-controlled
intersections because tf@dF has been used in the HSM fieslition. If any decision to remove
or change the lighting CMFs is g, this should be done considtg for all faciity types as

part of the development of the HSM second edition.

3.5 Severity Distribution Functions

Development of SDFs was explored for allystop-controlled intersections using methods
outlined in Section 2.2.3 of this report. SDksre not used in the development of crash
prediction methods in the first edition of the H®Mt were subsequently used in the Supplement
to the HSM for freeways and ramps (AASHT@®12). The database used to explore SDFs for
all-way stop-controlled intersgons consisted of the sameashes and intersections as the
database used to estimate the SPFs for rueleg, rural four-leg, urban three-leg, and urban
four-leg intersections, but restruotd so that the basic obsereatunit (i.e., database row) is a
crash instead of an intersection.
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No traffic or geometric variables showed consistent and statisticallyisagnieffects in the
SDFs for rural three-leg, rurabdir-leg, urban three-leg, or urbfour-leg all-way stop-controlled
intersections. Therefore, distributions for rural all-way stop-c@iattantersections in Table 10
and SPFs by severity for urban all-way staptrolled intersections in Table 12 are
recommended for addressing severity at all-way stop-cagdroitersections.

3.6 Summary of Recommended Models for Incorporation in the HSM

In summary, several crash preo models were developed for intersections with all-way stop
control for consideration in the secondtieth of the HSM, including models for:

Rural three-leg intersections with all-way stop control

Rural four-leg intersectionsith all-way stop control

Urban and suburban three-leg intartsons with all-way stop control
Urban and suburban four-leg intecsions with all-way stop control

a h dh dh

The final models for rural four-leg intersectiomgh all-way stop controftotal crashes), urban
and suburban three-leg interseas with all-way stop control (end PDO crashes), and urban
and suburban four-leg intersections with all-way stop contrcigBIPDO crashes) are
recommended for inclusion in the second editdbthe HSM (see Tables 9 and 12). The model
for rural three-leg intersections with all-way stamtrol is not recommended for inclusion in the
second edition of the HSM because the numbsite$ used to develop the model is not
considered sufficient for including the model in the HSM.

In addition, no traffic or geomet variables showed consistearid statistically significant
effects in the SDFs for all-way stop-controliatersections. Therefore, it is recommended for
the second edition of the HSM that crash sevéoityall-way stop-contrited intersections on
rural two-lane highways and unband suburban arterials be agklied in a manner consistent
with existing methods in Chapter 10 and Chaptof the HSM, respectively, without use of
SDFs.

Appendix A presents recommended text for mpooating the final recommended models for all-
way stop-controlled intersections in@hapters 10 and 12 of the HSM.
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Chapter 4.

Development of Models for Use in HSM Crash Prediction
Methods: Three-Leg Intersections with Signal Control on
Rural Highways

This section of the report dedmes the development of crash prediction models for three-leg
intersections with signal contron rural highways and presents the final models recommended
for incorporation in the second edition oétHSM. Chapters 10 (Rural Two-Lane, Two-Way
Roads) and 11 (Rural Multilane Highways) ie fiirst edition of theHSM do not include crash
prediction models for three-leg intersectionghwsignal control. Crash prediction models are
recommended for the following intersectiopég for the second edition of the HSM:

€ Three-leg intersections wissignal control (3SG) on rurawo-lane, two-way roads
€ Three-leg intersectionsitl signal control (3SG) orural multilane highways

Section 4.1 describes the site selection ana callection process for developing the crash
prediction models for three-leg intersectiorithvgignal control on rural highways. Section 4.2
presents descriptive statistics of the databass$fos model development. Section 4.3 presents
the statistical analysis and SPFs developed feetleg intersections witsignal control on rural
highways. Section 4.4 presents the CM&mmended for use with the SPFs. Section 4.5
presents the results of an analysis to tigv&DFs for use with the SPFs for three-leg
intersections with ginal control on rural highwayand Section 4.6 summarizes the
recommendations for incorporating new crash prediction modetbrize-leg intersections with
signal control on rural highways in the second edition of the HSM.

4.1 Site Selection and Data Collection

A list of potential intersections for model develagmhwas derived from HSIS or Safety Analyst
databases for several states, as well agiistdded by state transportation agencies. The
intersections were located in ten states:

California (CA)
Florida (FL)

lllinois (IL)

Kentucky (KY)
Michigan (M)
Minnesota (MN)

New Hampshire (NH)
Ohio (OH)
Pennsylvania (PA)
Washington (WA)

ah dh dh dh b dh dh dh dh b

Each intersection in the list wastially screened using Google Edftto determine if the site
was suitable for inclusion in model developm&everal reasons a site could be deemed
inappropriate for use in model development were:
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The traffic control at the intersection svtaomething other than signal control.

The number of intersecin legs was not three.

The intersection was in an urban area.

A private driveway was located inoge proximity to the intersection.

One or more of the approaches to thensection was a private/commercial access.
Google Street Vief'was not available to identify leg specific attributes.

One or more of the interseati legs was a one-way street.

ah dh b dh dh b db

Each intersection that was initially deemed appiate for inclusion in model development was
given a unique identification codad included in a refined database for detailed data collection.

Three types of data were colledtfor each intersection duringtdsed data collection: site
characteristic, crash, andffia volume data. Google Eaftlwas used to collect detailed site
characteristics of the intersections. To redooential errors duringata collection and to
streamline data entry, a data cotlen tool was created using VaBasic for Applications, very
similar to the tool shown in Figure 4. The datdlection tool was suited to only collect data
relevant to rural three-leg signalized intersectidrable 17 lists all of #hintersection attributes
collected (and respective detions and permitted values)rfaural three-leg signalized
intersections using the data collection tool. Oalt@ecessary data were entered into the data
collection tool and saved for avgin intersection, the data collewtitool was used to validate the
inputs for that particular intersection consistent with the range and/or permitted values for the
respective variables/parameters.

Table 17. Site characteristic variables collect  ed for three-leg intersections with signal
control on rural highways

Variable/Parameter | Definition
General Intersection Attributes

Range or Permitted Values

Intersection configuration (i.e., number of legs and

Indicates the number of legs and type of

at the intersection proper

type of traffic control) traffic control 3SG

Area type (urban/rural) Indicates whether the intersection is in a Rural
rural or urban area

Presence of intersection lighting Indicates if overhead lighting is present Yes, no

Ap

proach Specific Attributes

Route name or number

Specify the route name or number of the
approach

Location at intersection

Side/quadrant of the intersection the
approach is located

N, S, E, W, NE, NW, SE, SW

This includes dedicated through lanes
and any lanes with shared movements.
On the minor approach of a 3-leg

left-turn movement can be made

Number of through lanes . L ] 0,1,2,3
intersection, if there is only one lane,
then it should be classified as a through
lane

Presence/number of left-turn lanes The number of lanes in which only a 0,1,2,3

Left-turn channelization

Type of left-turn channelization used on
the intersection approach

Raised or depressed island,
painted, none

Presence/number of right-turn lanes

The number of lanes in which only a
right-turn movement can be made

0,1,2,3
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Table 17. Site characteristic variables collect  ed for three-leg intersections with signal
control on rural highways (Continued)

Variable/Parameter

Definition

Range or Permitted Values

Right-turn channelization

Type of right-turn channelization used
on the intersection approach

Raised or depressed island,
painted, none

Measured from outside of outer most

directions of travel

Median width through lane of approaching lanes to Values in feet
outside of lane in opposing direction
Median type Type of median separating opposing Raised, depressed, flush, barrier,

TWLTL

Permit right-turn-on-red

Indicates if turning right on red is
permitted on the intersection approach

Yes, no, not applicable

Presence of transverse rumble strips

Indicates the presence of transverse
rumble strips on the intersection
approach

Yes, no, unknown

Presence/type of supplementary pavement
markings

Indicates the presence and type of
supplementary pavement markings on
the intersection approach

Yes, no, unknown
If yes, type of marking: “Signal
Ahead”, other

Presence of signal ahead warning signs

Indicates the presence of signal ahead
warning signs on the intersection
approach

Yes, no, unknown

Presence of advance warning flashers

Indicates the presence of advance
warning flashers on the intersection
approach

Yes, no, unknown

Horizontal alignment of intersection approach

Indicates whether the approaching
roadway, within 250 ft of the
intersection, is a tangent or curved
section of roadway

Tangent, curve

Horizontal curve radius

Indicates the radius of the curve on the
intersection approach if a curve is
present within 250 ft of the intersection

2,000-ft Maximum
Range: 100-2000 ft

Posted speed limit

Posted speed limit on the intersection
approach (mph)

25, 30, 35, 40, 45, 50, 55, 60, 65,
unknown

Presence of crosswalk

Indicates the presence of a crosswalk
perpendicular to the intersection
approach

Yes, no, unknown

Presence of bike lane

Indicates the presence of a marked bike
lane parallel to the intersection
approach

Yes, no, unknown

Presence of railroad crossing

Indicates the presence of a railroad
crossing on the intersection approach
within 250 ft of the intersection

Yes, no, unknown

During detailed data collection, to the extentgiole, the research teamviewed historical

aerial images to determine if a site had recently been reconstructed or improved to determine the
appropriate years of data for use in model tigpraent. Due to very low intersection totals,
Minnesota and Pennsylvania sites were removed from the dataset for model development.

Table 18 lists the crash and traffic volume dattarces for the eight sést included in the study.

The goal was to obtain the most recent four to six years of crash and traffic volume data for each
site for model development. All dfie data (i.e., siteharacteristics, crashnd traffic volume)

were assembled into one database for model development.

Table 18. Traffic volume and crash data sources for rural three-leg signalized intersections

State Traffic Volume Data Source Crash Data Source

California HSIS HSIS

Florida State agency State agency

lllinois Safety Analyst Safety Analyst
Kentucky State agency State agency

Michigan Safety Analyst Safety Analyst

New Hampshire Safety Analyst Safety Analyst

Ohio Safety Analyst Safety Analyst
Washington HSIS and Safety Analyst HSIS
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4.2 Descriptive Statistics of Database

A total of 161 sites—89 on two-lane andat2 multilane highways—were available for
development of crash prediction models. The datkections sites were located in eight states:
California, Florida, Illinois, Kentucky, Michan, New Hampshire, Ohio, and Washington. To
remain consistent with the standards for devekpnof the intersection predictive models in the
first edition of the HSM, the goal of this research was to develop crash prediction models with a
minimum of 200 site-years of data, and prably 450 site-years of data or more.

Traffic Volumes and Site Characteristics

Traffic volume and crash data were available for varying periods but were typically available
over a 5- or 6-year period. Table 19 showshiteakdown of alkites by roadway classification
and intersection type. Study period (date rangejlar of sites and site-years, and basic traffic
volume statistics are shown by state in each category and across all states within a category.

Of the intersection characteristics collected in Google E#le Table 17), most showed no or
very little variability across sites within a roadway classification (i.e., most intersections were
predominantly of one type for a specific variable). However, the following three intersection
characteristics had sufficient variability for inclusion in the development of SPFs using CMFs
(percent of “Yes” by roadway classiéition is indicateth parentheses):

€ presence of intersection lighting (two-lane: 81%; multilane: 74%)
€ presence of left-turn lanes on majoada(two-lane: 89%; multilane: 93%)
€ presence of right-turn lanes on majoad (two-lane: 65%; multilane: 67%)

The use of these site characteristics is dsstisater in the SPF model development section.

Crashes

Of the 161 intersections included in the stunhyly 11 intersections (6.8%) experienced no
crashes over the entire studyipd; their breakdown by roadwayassification is as follows:

€ Rural three-leg signalized intersectiastwo-lane highways: 3 out of 89
€ Rural three-leg signalized intersections on multilane highways: 8 out of 72

Intersection crashes were defiresithose crashes that occurrethin 250 ft of the intersection
and were classified as at irgection or intersection-relatechnsistent with recommended
practice in the HSM for assignirmgashes to an intersection.

Table 20 shows total, FI, and PDO crash counts by roadway classification and crash severity for
each state over the entire study period. Coumtglano shown for nighttime crashes only. For one

of the 10 intersections on two-lane highways and one of the 17 intersections on multilane
highways in Florida, crash seuvgrivas unknown. Similarly, for ght of the nine intersections

on two-lane highways and 13 of the 15 intersections on multilane highways in Kentucky, crash
severity was unknown. In those cases, only to&slticounts are shown, and thus FI and PDO
crashes do not add up to the total crash count.
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Table 19. Major- and minor road AADT statistics by ro  adway classification for rural three-leg intersections
with signal control

State Date Number Number of Major Road AADT (veh/day) Minor Road AADT (veh/day)
Range of Sites Site-Years Min | Max | Mean | Median | Min | Max | Mean [Median
INTERSECTIONS ON RURAL TwO-LANE HIGHWAYS
CA 2007-2011 24 112 3,130 23,591 | 14,521 | 14,233 100 23,320 3,034 1,166
FL 2007-2010 10 40 6,600 21,425 | 12,520 | 11,425 3,650 18,225 6,730 5,560
IL 2008-2012 6 30 2,900 5,300 4,575 4,800 1,900 5,100 3,425 3,375
KY 2010-2014 9 45 6,707 11,800 8,969 9,452 2,330 7,866 4,447 4,106
M 2008-2013 6 34 7,353 21,058 | 13,829 | 12,875 4,005 16,329 9,802 9,523
NH 2009-2013 7 35 10,927 | 16,000 | 12,315 | 11,277 1,400 8,800 4,725 4,600
OH 2009-2013 17 85 3,832 14,930 7,949 8,197 190 10,336 2,772 729
WA 2007-2011 10 42 5,669 18,612 | 12,259 | 12,334 1,881 13,068 6,685 6,434
All States | 2007-2014 89 423 2,900 23,591 | 11,334 | 10,239 100 23,320 4,568 4,106
INTERSECTIONS ON RURAL MULTILANE HIGHWAYS
CA 2007-2011 21 77 1,001 56,000 | 19,675 | 19,360 101 27,000 4,734 1,500
FL 2007-2010 17 65 7,375 25,000 | 17,181 | 16,925 800 17,300 7,188 6,000
KY 2010-2014 15 75 8,249 25151 | 15304 | 157241 677 9,108 4,394 3,762
M 2008-2013 4 24 9,735 11,705 | 11,077 | 11,434 6,786 8,547 7,777 7,887
OH 2009-2013 15 73 2,456 28,402 | 11,182 | 10,694 156 11,510 2,952 2,620
All States | 2007-2014 72 314 1,001 56,000 | 15928 | 15,834 101 27,000 5,040 3,752
Table 20. Crash counts by roadway classification and crash severity
for rural three-leg intersections with signal control
Date Number Number of Time of
State Range of Sites Site-Years Day Total Fi PDO
INTERSECTIONS ON RURAL TWO-LANE HIGHWAYS
All 98 45 53
CA 2007-2011 24 112 Night o o 13
All 103 68 34
a -
FL 2007-2010 10 40 Night 3 > >
All 56 15 41
IL 2008-2012 6 30 Night 3 3 £
Al 168 29 10
a -
KY 2010-2014 9 45 Night 32 5 B
All 142 27 115
M 2008-2013 6 34 Night a2 6 36
All 37 13 24
NH 2009-2013 7 35 Night 5 1 7
All 164 40 124
OH 2009-2013 17 85 Night 32 8 >4
All 119 45 74
WA 2007-2011 10 42 Night 30 5 T
All 887 282 475
a -
All States 2007-2014 89 423 Night 207 9 12
INTERSECTIONS ON RURAL MULTILANE HIGHWAYS
Al 104 45 59
CA 2007-2011 21 77 Night 22 0 12
All 257 139 117
a -
FL 2007-2010 17 65 Night =3 o 18
Al 356 76 15
a -
KY 2010-2014 15 75 Night 1 = T
All 95 17 78
] 2008-2013 4 24 Night - 1 B
Al 163 42 121
OH 2009-2013 15 73 Night 3 9 o1
All 975 319 390
a -
All States 2007-2014 72 314 Night To1 =2 o7

2 Crash records did not indicate severity level for a number of crashes for some intersections; Fl and PDO crashes will not add up to total crashes.

Crash counts are tallied by collision type and mawifeollision across all states in Table 21 for
intersections on rural two-laneghiways. Crash counts tallied assall states by collision type
and severity at intersections on multilane highways are shown in Table 22.
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Table 21. Crash counts by collision type and manner of collision and crash severity at three-leg
intersections with signal control on rural two-lane highways

Collision Type | Total® | FI | PDO
SINGLE-VEHICLE CRASHES
Collision with animal 16 0 16
Collision with bicycle 3 2 1
Collision with pedestrian 0 0 0
Overturned 16 13 3
Ran off road 1 0 1
Other SV crash 137 35 90
Total SV crashes 173 50 111
MULTIPLE-VEHICLE CRASHES

Angle collision 171 74 75
Head-on collision 24 16 8
Rear-end collision 408 120 220
Sideswipe collision 43 7 22
Other MV collision 68 15 39
Total MV crashes 714 232 364
Total Crashes 887 282 475

@ Crash records did not indicate severity level for a number of
crashes for some intersections in Florida and Kentucky; FI and
PDO crashes will not add up to total crashes in some cases.

Table 22. Crash counts by collision type and crash severity at three-leg intersections with
signal control on rural multilane highways

b

Collision Type Total 2 (KA'\:BIC) (KT\B) PDO
Head-on collision 23 13 4 7
Sideswipe collision 78 11 7 42
Rear-end collision 421 117 58 172
Angle collision 273 130 86 86
SV collision 110 31 18 59
Other 70 17 9 24
Total Crashes 975 319 182 390

& Crash records did not indicate severity level for a number of crashes for

some intersections in Florida and Kentucky; Fl and PDO crashes will not
add up to total crashes in some cases.

Using the KABCO scale, these include only KAB crashes. Crashes with

severity level C (possible injury) are not included.

4.3 Safety Performance Functions—Model Development

SPFs of the form shown in Equation 2 were developed separately for intersections on two-lane
and multilane highways, using all crash typesbmed (single- and MV and pedestrian and
bicycle crashes).

Zw_@s <Z—-c#"x kmmpg€or % (mmpE)g (Eq. 2)
Where:
Nsptint: =  predicted average crash frequefaryan intersection with base conditions
(crasheslyear);

AADTmaj = AADT on the major road (veh/day)
AAD Tmin AADT on the minor road (veh/day)
a, b, and c = estimated regression coefficients
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Based on a review of the number of statdéesseite-years, and crashes for the database
assembled, data for all sites were used for model development to maximize the sample size
rather than using a portion of the data for maldeelopment and a portion for model validation.

All SPFs were developed using a NB regressimalel based on all sgeombined within a
given area type and intersection type. In altiels, state was included as a random blocking
effect, with sites nested withtheir respective staté significance level 00.20 for inclusion in

a model was selected for an individual paramdtkis was based on previous models included
in the first edition of the HSM (Harwood &k, 2007). PROC GLIMMIX of SAS 9.3 was used
for all modeling (SAS, 2013). For intersectionsestmer highway type, models were developed
for total, FI, and PDO crashes. For intersections on multilane highways, a model was also
developed for a subset of FI dnas including only KAB crashes€i, crashes with severity level
C [possible injury] not included) akne in Chapter 11 in the HSM.

For comparison, the base conditions in Chaptesfiie HSM for four4g intersections with

signal control on rural two-lane highways are theealge of intersection lighting and that of left-

and right-turn lanes. In Chaptgl of the HSM, the SPFs for fioleg intersections with signal

control on rural multilane highways have no specific base conditions. Considering the absence of
intersection lighting and #t of left- and right-turn lanes @essible base conditions for three-leg
intersections with signal control for both rutab-lane and multilane highways, the distribution

of intersections by the three characteristics is as follows:

€ Intersections on two-lane highways: 72 lighted; 17 unlighted (19% unlighted)
€ Intersections on multilane highways: 58hted; 19 unlighted (26% unlighted)

€ Intersections on two-lane highways: 58 wiight-turn lane on one approach; 31 with
none (35% with none)

€ Intersections on multilane highways: 48 with right-turn lane on one approach; 24 with
none (33% with none)

€ Intersections on two-lane highways: 79 wft-turn lane on one approach; 10 with none
(11% with none)

€ Intersections on multilane highways: 66 witkH@irn lane on one approach; 1 with left-
turn lane on two approaches; 5 with none (7% with none)

In an effort to include all intersections in thi@dels, crashes at interieas that did not meet
base conditions for these three characteristics were first adjusted using the following CMFs in
reverse (i.e., divide rather than mulyighe crashes by the product of the CMFs):

€ Lighting: use CMEi, shown in Equation 10-24 in the HSM (same as Equation 11-22 in
the HSM) and the proportion of total craslf@sunlighted interseabins that occurred at

night in the current database, shown in €8 (similar to Tables 10-15 and 11-24 in the
HSM); this CMF was applied to total, FI, and PDO crashes before modeling
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€ Installation of left-turn lanes: use CMBhown in Table 30 (same as Tables 10-13 and
11-22 in the HSM with thedalition of a CMF for three-kintersections with signal
control)

€ Installation of righttirn lanes: use CMfshown in Table 31 (same as Tables 10-14 and
11-23 in the HSM with theddition of a CMF for three-intersections with signal
control)

Table 23. Nighttime crash counts and proportions for unlighted three-leg
intersections with signal control by roadway type used for modeling

Proportion of
Roadway Number Number Total Crashes that
of of Nighttime Occurred
Type Sites? Crashes Crashes at Night
(pni)
Two-lane 17 58 247 0.235
Multilane 19 50 244 0.205

2 Number of unlighted intersections only.

The final SPF models for craghat intersections on rural dAlane highways are shown in
Table 24, separately for each crash seveFing table shows the model coefficients and
overdispersion parameter (estimatbgir standard error, and as&ded p-values (or significance
level) for each severity levefigures 13-15 graphically presghe SPFs shown in Table 24 for
various major- and minor approach AADTSs.

Table 24. SPF coefficients for three-leg intersecti  ons with signal control on rural two-lane highways

Crash Severity Parameter Estimate Stgr::josird Pr>F Significance Level
INTERSECTIONS ON RURAL TWO-LANE HIGHWAYS
Intercept -5.88 1.89 -- --
IN(AADT maj) 0.54 0.18 <.01 Significant at 99% level
Total Crashes —
IN(AADT min) 0.23 0.07 <.01 Significant at 99% level
Overdispersion 0.31 0.06 -- -
Intercept -9.69 3.22 -- --
IN(AADT maj) 0.78 0.31 0.01 Significant at 99% level
FI Crashes —
IN(AADT min) 0.24 0.12 0.04 Significant at 95% level
Overdispersion 0.72 0.19 -- -
Intercept -6.49 2.50 -- --
PDO Crashes IN(AADT maj) 0.50 0.24 0.04 Sign?ﬁcant at 95% level
IN(AADT min) 0.26 0.09 <.01 Significant at 99% level
Overdispersion 0.49 0.11 -- -

Base Condition: Absence of intersection lighting and absence of left- and right-turn lanes
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Figure 13. Graphical representation of the SPF for total crashes at three-leg intersections
with signal control on rural two-lane highways

Figure 14. Graphical representation of the SPF for Fl crashes at three-leg intersections
with signal control on rural two-lane highways
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Figure 15. Graphical representation of the SPF for PDO crashes at three-leg intersections
with signal control on rural two-lane highways

The final SPF models for crashes at three-légysections with signaontrol on rural multilane
highways are shown in Table 25, separately for eagsh severity. No usable model could be
obtained for FI crashes consioley KAB severities only. Figuse16-18 graphically present the
SPFs shown in Table 25 for variomsjor- and minor approach AADTS.

Table 25. SPF coefficients for three-leg intersecti  ons with signal control on rural multilane highways

Crash Severity Parameter Estimate Stzé:]r(:)arrd Pr>F Significance Level
INTERSECTIONS ON RURAL MULTILANE HIGHWAYS
Intercept -6.28 1.97 -- --
IN(AADT p4i) 0.52 0.21 0.02 Significant at 95% level
Total Crashes —
IN(AADT i) 0.31 0.08 <.01 Significant at 99% level
Overdispersion 0.40 0.08 - -
Intercept -11.03 3.81 -- --
IN(AADT p49) 0.79 0.39 0.05 Significant at 95% level
FlI Crashes —
IN(AADT i) 0.39 0.14 <.01 Significant at 99% level
Overdispersion 1.15 0.26 - -
FI Crashes?® No usable model could be obtained
Intercept -6.40 2.49 -- --
PDO Crashes IN(AADT naj) 0.44 0.27 0.10 S?gn?fﬁcant at 90% level
IN(AADT i) 0.30 0.10 <.01 Significant at 99% level
Overdispersion 0.53 0.13 -- --

2 Using the KABCO scale, these include only KAB crashes. Crashes with severity level C (possible injury) are not included.
Base Condition: Absence of intersection lighting and absence of left- and right-turn lanes
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Figure 16. Graphical representation of the SPF for tota | crashes at three-leg intersections with signal control
on rural multilane highways

Figure 17. Graphical representation of the SPF for Fl crashes at three-leg intersections with signal control on
rural multilane highways
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Figure 18. Graphical representation of the SPF for PDO crashes at three-leg intersections with signal control

on rural multilane highways

Similar to Tables 10-5 and 10-6 in the HSMspectively, Tables 26 and 27 provide percentages
for crash severity levels and collision types amhner of collision, respectively, for three-leg
intersections with signal control on rural twavahighways. These percentages were calculated
based on all crash counts at all intersectioralistates combined, excluding those sites in

Florida and Kentucky with missingash severity information.

Table 26. Distributions for crash severity
signal control on rural two-lane highways

level at three-leg intersections with

Crash Severity Level

Percentage of
Total Crashes

Fatal 0.1
Incapacitating injury 2.4
Non-incapacitating injury 14.3
Possible injury 20.5
Total fatal plus injury 37.3
Property-damage-only 62.7
Total 100.0

Copyright National Academy of Sciences. All rights reserved.
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Table 27. Distributions for collision type and manner of collision and crash severity at
three-leg intersections with signal control on rural two-lane highways

Percentage of

Collision Type Total Crashes
Total | Fi | PDO

SINGLE-VEHICLE CRASHES
Collision with animal 1.8 0.0 3.4
Collision with bicycle 0.3 0.7 0.2
Collision with pedestrian 0.0 0.0 0.0
Overturned 1.8 4.6 0.6
Ran off road 0.1 0.0 0.2
Other SV crash 154 12.4 18.9
Total SV crashes 194 17.7 23.3
MULTIPLE-VEHICLE CRASHES

Angle collision 19.3 26.2 15.8
Head-on collision 2.7 5.7 1.7
Rear-end collision 46.0 42.6 46.3
Sideswipe collision 4.8 2.5 4.6
Other MV collision 7.7 5.3 8.2
Total MV crashes 80.5 82.3 76.6
Total Crashes 100.0 100.0 100.0

Similar to Table 11-9 in the HSM, Table 28 provides percentages to break down total, FI (both
with and without level C injuries), and PDO dneseverities into specific collision types for
three-leg intersections with signal control on rural multilane highways. These percentages were
calculated based on all crash couattall intersections all states combed, excluding those

sites in Florida and Kentucky withissing crash severity informati (for Fl and PDO statistics

only).

Table 28. Distributions of intersection cr  ashes by collision type and crash severity
at three-leg intersections with signal  control on rural multilane highways

Collision Percentage of Total Crashes

Type Total FI Fla PDO
Head-on collision 2.4 4.1 2.2 1.8
Sideswipe collision 8.0 3.4 3.8 10.8
Rear-end collision 43.2 36.7 31.9 44.1
Angle collision 28.0 40.8 47.3 221
SV collision 11.3 9.7 9.9 15.1
Other 7.2 5.3 49 6.2
Total Crashes 100.0 100.0 100.0 100.0

2 Using the KABCO scale, these include only KAB crashes. Crashes with severity level C
(possible injury) are not included.

Following the development of the crash prediction models for three-leg intersections with signal
control on rural highways, the research teamdceted compatibility testing of the new models

to confirm that the new models provide reasoeabsults over a broadnge of input conditions

and that the new models integrate seamlessly with existing intersex@gnprediction models

in the first edition of the HSM. The graphicapresentations of the ctagrediction models in
Figures 13-18 provide some sense of theareasieness of the new models for three-leg
intersections with signalontrol on rural highways. Nothingdim these figures suggests that the
models provide unreasonable results. In adidjtihe models for threeg intersections with

signal control on rural highways were compate@the corresponding moddlsr intersections on
urban and suburban arterialsGhapter 12 of the HSM.

91

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

Figure 19 illustrates a comparison of the predicted average crash frequency for total crashes
based on the 3SG model for rural two-lane so@dble 24) to the predicted average crash
frequency based on the 3SG model in Chapter 1Re0HSM. As previously, the dashed lines in

the figure represent the predicted average drasjuency for the new model (i.e., 3SG model for
rural two-lane roads), and thdigdines represent the predicted average crash frequency for the
3SG model in the HSM. Similarly, Figure 20 8luates a comparison of the predicted average
crash frequency for total crashes basether8SG model for rural multilane highways

(Table 25) to the predicted average crash frequéased on the 3SG model in Chapter 12 of the
HSM. In both instances, for lower major apach AADTS, higher average crash frequencies

were predicted for three-leg signalized ingetgons on rural highways compared to urban and
suburban arterials. As the major road AADT increased the predicted average crash frequencies
drew closer together, and in some cases, tbaigted average crash frequencies for three-leg
intersections with signal controh urban and suburban arterials exceeded the predicted average
crash frequencies for three-leg intersectioitl gignal control on rural highways. This seems
reasonable as drivers in ruraéas during low volume conditions may not be as attentive to the
task of driving as they would i&n urban area and may be more susceptible to a crash as a result
in rural environments given the same trafficuraks. Then, as traffic volumes increase in the

rural areas, drivers’ awareness to the driving taak increase to similar levels as in urban and
suburban areas, resulting in ganlevels of safety perfornmee at three-leg signalized

intersections in both rurand urban environments.

In summary, the models for three-leg signalizgdrsections on rurddighways appear to

provide reasonable results over a broad raigeput conditions and can be integrated
seamlessly with existing intersection crash prgaticmodels in the first edition of the HSM.

Figure 19. Comparison of new crash prediction model to existing model in HSM: 3SG
for rural two-lane roads vs 3SG for urban and suburban arterials (total crashes)
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Figure 20. Comparison of new crash prediction model to existing model in HSM: 3SG for
rural multilane highways vs 3SG for urban and suburban arterials (total crashes)

4.4 Crash Modification Factors

During the development of the crash predictiordels for three-leg intersections with signal
control on rural highways, three potentialsces of CMFs for use with the SPFs were
considered:

€ CMFs developed as part of this resedraked on a cross-sectional study design and
regression modeling

€ CMFs already incorporated into the first edition of the HSM and applicable to three-leg
intersections with signalontrol on rural highways

€ High-quality CMFs applicable to three-legersections with signal control on rural
highways developed using defensible stddgigns (e.g., observational before-after
evaluation studies using SPFs—the EB method), as referenced in FHWA's CMF
Clearinghouse with four onfe-star quality ratings or bad on a review of relevant
intersection safety literature

After considering developing CMFs through resgien modeling as part of this research and
based on a review of the CMFs already incormatat the first edition of the HSM and other
potential high-quality CMFs developed usiiefensible study designs, three CMFs were
identified for potential use with the crash potidn models for three-leg intersections with
signal control on rural highways, including:

93

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

€ The CMF for intersection lighting based o thork by Elvik and Vaa (2004), which is
identified for use with the intersection dngsrediction models in Chapters 10 and 11 of
the first edition of the HSM

€ The CMFs for providing a left-turn lane on ooietwo intersection approaches at a rural
three-leg signalized intersection based onttbek by Harwood et al. (2002), similar to
the CMFs identified for use with intersectiorash prediction modela Chapters 10 and
11 of the first edition of thelSM and included in HSM Part D

€ The CMFs for providing a rightarn lane on one or two interstion approaches at a rural
three-leg signalized intersection based enwlork by Harwood et al. (2002), similar to
the CMFs identified for use with intersectiorash prediction modela Chapters 10 and
11 of the first edition of thelSM and included in HSM Part D

The CMFs recommended for use with the SPF#hi@e-leg intersectionsith signal control on
rural highways are presented below.

Lighting CMF

With the CMF for intersection lighting based thre work by Elvik and Vaa (2004), the base
condition is the absence of intecsion lighting. The CMF for lightethtersections is similar to
the CMF in Equation 10-24 (two-lane highwags)d Equation 11-22 (multilane highways) in the
HSM and has the form (AASHTO, 2010):

% /(=1 FO0.38x% L4y (Eq.39)
Where:
CMF = crash modification factor for théect of lighting ontotal crashes; and
Pni = proportion of total crashes for unliglltintersections that occur at night.

This CMF applies to total intersection crashiable 29 (similar to Table 23; and similar to
Tables 10-15 and 11-24 in the HSM) presenfaulevalues for the nighttime crash proportion,
pni, by roadway type.

Table 29. Nighttime crash proportions fo  r unlighted three-leg intersections
with signal control

Roadwa Proportion of Crashes
Y that Occur at Night
Type (Pri)
ni
Rural two-lane 0.235
Rural multilane 0.205

Recent research by Washington State DOT has ra@mszkrns about whether use of the lighting
CMF in the HSM is appropriate. Based on these@ch, van Schalkwyk at. (2016) concluded
that the contribution of continuous illuminaii to nighttime crash reduction is negligible.
However, we have recommended this CMF forligppion to three-leg intersections with signal
control on rural highways because this CMF hesrbused in the HSM first edition. If any
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decision to remove or change the lighting CMFs is made, this should be done consistently for all
facility types as part of the ddepment of the HSM second edition.

Intersection Approaches with Left-Turn Lanes CMF

With the CMF for providing a left-turn lane @me or two intersection approaches at a rural
three-leg signalized intersection based on thekvg Harwood et al. (2002), the base condition

is the absence of left-turn lanes on intersecigproaches. The CMFs for providing a left-turn

lane on one or two intersectiop@oaches are presented in Table 30. Table 30 is presented in the
same format as Table 14-10 in the HSM Pa(AASHTO, 2010). These CMFs apply to all

severity levels for three-leg intersections watgnal control on both rural two-lane and multilane

highways.
Table 30. CMF for installation of left-t urn lanes on intersection approaches
(Harwood et al., 2002; AASHTO, 2010)
CMF
Treatment Setting Traffic Volume Crash Type One Two Std.
(Intersection Type) AADT (veh/day) (Severity) approach | approaches Error
Rural
Installation of left- (three-leg _ Unspecified All types N 0.85 0.72 N/A2
turn lanes intersections with (All severities)
signal control)

a2 Standard error of CMF is unknown.

Intersection Approaches with Right-Turn Lanes CMF

With the CMF for providing a right-turn lane on one or two intersection approaches at a rural
three-leg signalized intersection based on thkwg Harwood et al. (2002), the base condition
is the absence of right-turml@s on intersection approach&se CMFs for providing a right-

turn lane on one or two intersection approa@resresented in Table 31. Table 31 is presented
in the same format as Table 18-in HSM ParD (AASHTO, 2010).

Table 31. CMF for installation of right-  turn lanes on intersection approaches
(Harwood et al., 2002; AASHTO, 2010)

Setting Traffic Volume AADT Crash Type Std.
Treatment (Intersection Type) (veh/day) (Severity) CMF Error
. . All types
Installation of right-turn (Al se\)//grities) 0.96 0.02
on one intersection Al vpes
approach Rural Major road 7,000 to (Injﬁ[:y) 0.91 0.04
(three-leg intersections 55,100, minor road 550 Al
Installation of right-turn | With signal control) to 8,400 (Al set\)/lgreit?es) 0.92 0.03
on two intersection Al
approaches t_ypes 0.83 N/A?2
(Injury)
2 Standard error of CMF is unknown.
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4.5 Severity Distribution Functions

The development of SDFs was explored foreHes intersections with signal control on rural
two-lane and multilane highways using methoddirmed in Section 2.2.3 of this report. SDFs
were not used in the development of crash ptiesienethods in the first edition of the HSM but
were subsequently used in the Supplement to the HSM for freeways and ramps (AASHTO,
2014). Due to sample size issues, the data foedegeintersections with signal control on rural
two-lane and multilane highways were combined for development of the SDFs. Therefore, the
SDFs that were developed argbgable to three-leg intersections with signal control on both
rural two-lane and multilane highways. SDFs&veot developed separately for three-leg
intersections with signal control on rural two-laared multilane highways. The database used to
explore SDFs consisted of the same crashemterdections as the databases used to estimate
the SPFs, but restructured so ttiegt basic observation unit (i.e. talbase row) is a crash instead
of an intersection.

For three-leg intersections with signal contolboth rural two-lane and multilane highways, the
SDF takes the following form:

.|.1423
271 A0 A = %X 25 Aon7iAO G (Eq.40)

— (]'|'142
271306 = Foenis X 2| A0x71A0¢ (Eq.41)

— (].|.142
271400 = ooy X K F Racu7irocF aca7iro® (Eq. 42)
Zipow=1 F kdoat Zipoet 214000 (Eq. 43)
Where:
P3sG,atk = probability of a fatal crash (given that a fatal or injury crash

occurred) for three-leg signalizettersections (3SG) based on all
collision types (at)

P3sG.at,A = probability of an incapacitatingjury crash (given that a fatal or
injury crash occurred) for thrdeg signalized intersections (3SG)
based on all collision types (at)

P3sc,atB =  probability of a non-incapacitag injury crash (given that a fatal
or injury crash occurred) for the-leg signalized intersections
(3SG) based on all collision types (at)

Pssc.atc = probability of a possible injury &sh (given that a fatal or injury
crash occurred) for three-leg si¢jmad intersections (3SG) based
on all collision types (at)

VkaB = systematic component of chaseverity likelihood for severity
KAB
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Px|kAB,3sG,at = probability of a fatal crash given that the crash has a severity of
either fatal, incapacitating injy, or non-incapacitiang injury for
three-leg signalized intersectiof(®SG) based on all collision types
(at)

PAlkAB,35G at = probability of an incapacitag injury crash given that the crash
has a severity of either fdtincapacitating injury, or non-
incapacitating injury for three-leg signalized intersections (3SG)
based on all collision types (at)

The basic model form for the systematic congrae of crash severity likelihood at three-leg

intersections with signal control on both rumaib-lane and multilane highways is illustrated by
Equation 44.

8i0,= =+ kx0.001x ##&Fovor KX wyudk K@ Jaovaid kA Jaovcoee (EQ. 44)

Where:

#HH# &y = AADT on the major road (veh/day)

Liight = intersection lighting indicator variable (1 if lighting is present,0
otherwise)

NmajLTL = total number of left-turn lanes both major road approaches (0,
1,0r2)

Nmajthru = total number of through lanes on the major road

a,b,c,dande =  estimated SDF coefficients

The SDF coefficients for three-leg interseas with signal contradn rural two-lane and
multilane highways are provided in Table 32.

Table 32. SDF coefficients for three-leg intersections with signal control on rural two-lane and multilane

highways
Severity (z) Variable a b c d e
Fatal, incapacitating injury, or non- ) ) i
incapacitating injury (KAB) Vkae 0.368 0.0639 0.760 0.605 0.594

For three-leg intersections with signal conwolrural two-lane and multilane highways, values
of 0.0259 and 0.159 are used faikks and Rkas, respectively.

4.6 Summary of Recommended Models for Incorporation in the HSM

In summary, several crash prettbn models were developed for three-leg intersections with
signal control on rural two-lane and multilanglnivays for consideration in the second edition
of the HSM, including models for:

€ Three-leg intersectionsith signal control (3SG) orural two-lane highways
€ Three-leg intersectionsith signal control (3SG) orural multilane highways
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The final predictive model for estimating totahshes at three-leg intersections with signal
control on rural two-lane highways presented @ble 24 and the final predictive models for
estimating total and FI crashes at three-leg intersections with signal control on multilane
highways presented in Table 25 are recommefmadclusion in thesecond edition of the
HSM, consistent with existing methods in HSM Chapters 10 and 11.

Logical interpretations do exist for the SDFs reported in Section 4.5. For example, the negative
parameter for AADT may be capturing lower (on aggs) impact speeds of crashes at locations
with higher traffic volumes. The negative paraendor number of left-turn lanes on the major

road approaches may be capturing the sigvenpacts of separating through and turning

vehicles with high-speed differentials. The pasitparameter for number of through lanes may

be capturing a compound effect of higherragiag speeds plus longer crossing distances
resulting in more severe crashd&hese interpretations cannot, lewer, be verified or validated

with existing crash databases.

Additionally, the types of severiwgffects found for thee-leg intersections ih signal control on
rural two-lane and multilane highways were aonsistently found across other intersection
types. More generally, uncoveriegnsistent and statistically significant impacts of intersection
characteristics on crash severity proved chagileg. These challenges were also implied by the
SDF results of NCHRP Projet?-45, where only area type (arh rural) and presence of
protected left-turn phasing weirgcluded in crossroad ramp terminal SDFs. With these
challenges in mind, ongoing and future reseaftdrts will continueto explore the most
promising approaches for addressing cisslerity in the HSM predictive methods.

Due to the challenges and inconsistencies obsgetio-date in developing SDFs for three-leg
intersections with signal control on rural twaote and multilane highways, it is recommended
for the second edition of the HSM that crashesity for three-leg intersections with signal
control on rural two-lane and multilane highways be addressed in a manner consistent with
existing methods in Chapters 10 and 11 of the HSM, respectwighgut use of SDFs.

Appendix A presents recommended text faoirporating the final recommended models for
three-leg intersections with signal contowl rural two-lane and multilane highways into
Chapters 10 and 11 of the HSM.
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Chapter 5.

Development of Models for Use in HSM Crash Prediction
Methods: Intersections on High-Speed Urban and Suburban
Arterials

This section of the report dedoess the development of crash potidn models for intersections
on high-speed urban and suburban arterialgpaegents the final models recommended for
incorporation in the second editi of the HSM. The HSM Part C chapters in the first edition of
the HSM include crash prediction models fimnor approach stopoatrol and signalized
intersections; however, the intersections usdadlermodeling process were generally not located
on high-speed facilities. For the developmentrash prediction models in this effort,
intersections were only selected if they were located on arterials with a speed limit of at least
50 mph. Crash prediction models are recommeifidethe following intersection types for the
second edition of the HSM:

€ Three-leg intersections with minor rosbp control (3ST) on high-speed urban and
suburban arterials

€ Three-leg intersections with signal control (3SG) aghképeed urban and suburban
arterials

€ Four-leg intersections with minor roatbp control (4ST) on high-speed urban and
suburban arterials

€ Four-leg intersections witkignal control (4SG) on gh-speed urban and suburban
arterials

Section 5.1 describes the site selection amna dallection process for developing the crash
prediction models for intersections on higlesg urban and suburbarterials. Section 5.2
presents descriptive statistics of the database$ fos model development. Section 5.3 presents
the statistical analysis and SPFs developethfersections on high-speed urban and suburban
arterials. Section 5.4 presents the CMFs recommended for use with the SPFs. Section 5.5
presents the results of an analysis to devBIDps for use with the SPFs for intersections on
high-speed urban and suburbateaals, and Section 5.6 summarizes the recommendations for
incorporating new crash prediction models for intersectioretdéal on high-speed urban and
suburban arterials in thesond edition of the HSM.

5.1 Site Selection and Data Collection

A list of potential intersections for model develggmwas derived from HSIS or Safety Analyst
databases in four states:

California (CA)
lllinois (IL)
Minnesota (MN)
Washington (WA)

ah dh dh b
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Each intersection in the list wastially screened using Google Edftto determine if the site
was suitable for inclusion in model developmeeveral reasons a site could be deemed
inappropriate for use in model development were:

€ The traffic control at the intersection wasrsghing other than signal control or minor
approach stop control

The speed limit on the major road was less than 50 mph

The intersection was in a rural area

A private driveway was located alose proximity to the intersection

One or more of the approaches to thensection was a private/commercial access
Google Street Vieftwas not available to identify leg specific attributes

a dh  dh  dh  dh b

One or more of the interseati legs was a one-way street

Each intersection that was initially deemed appiate for inclusion in model development was
given a unique identification co@dad included on a refined datab&sedetailed data collection.

Three types of data were colledtfor each intersection duringtdsed data collection: site
characteristic, crash, andffia volume data. Google Eaftlwas used to collect detailed site
characteristics of the intersections. To redouential errors duringata collection and to
streamline data entry, a data cotlen tool was created using VauBasic for Applications, very
similar to the tool shown in Figure 4. Table 38diall the intersectiontabutes collected (and
respective definitions and permitted values)ifideérsections on high-speed arterials on urban
and suburban arterials usingettlata collection tool. The tacollection tool dynamically
changed as certain intersection configuration detiee entered because some data elements were
only applicable to signalized intersections onamiapproach stop-contled intersections. Once
all necessary data were entered into the claltaction tool and saver a given intersection,

the data collection tool was ustdvalidate the inputs for that particular intersection consistent
with the range and/or permitted values for the respective variables/parameters.

Table 33. Site characteristic variables coll  ected for intersections on high-speed urban
and suburban arterials

Variable/Parameter | Definition | Range or Permitted Values
General Intersection Attributes
Intersection configuration (i.e., number of legs and | Indicates the number of legs and type of
type of traffic control) traffic control
Indicates whether the intersection is in a

3ST, 4ST, 3SG, 4SG

Area type (urban/rural) Urban
rural or urban area
Presence of intersection lighting Indlcat_es i ovgrhead lighting is present Yes, no
at the intersection proper
Presence of flashing beacons Indicates if overhead flashing beacons Yes, no (only applicable to stop-
9 are present at the intersection proper controlled intersections)

Approach Specific Attributes

Specify the route name or number of the
approach

Side/quadrant of the intersection the
approach is located

Route name or number

Location at intersection N, S, E, W, NE, NW, SE, SW
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Table 33. Site characteristic variables coll

ected for intersections on high-speed urban
and suburban arterials (Continued)

Variable/Parameter

Definition

Range or Permitted Values

This includes dedicated through lanes
and any lanes with shared movements.
On the minor approach of a 3-leg

Number of through lanes intersection, if there is only one lane, 0123
then it should be classified as a through
lane

Presence/number of left-turn lanes The number of lanes in which only a left- 0,1,2,3

turn movement can be made

Left-turn channelization

Type of left-turn channelization used on
the intersection approach

Raised or depressed island,
painted, none

Presence/number of right-turn lanes

The number of lanes in which only a
right-turn movement can be made

0,123

Right-turn channelization

Type of right-turn channelization used
on the intersection approach

Raised or depressed island,
painted, none

Measured from outside of outer most

Median width through lane of approaching lanes to Values in feet
outside of lane in opposing direction
Median type Type of median separating opposing Raised, depressed, flush, barrier,

directions of travel

TWLTL

Permit right-turn-on-red

Indicates if turning right on red is
permitted on the intersection approach

Yes, no, not applicable (only
applicable to signalized
intersections)

Presence of transverse rumble strips

Indicates the presence of transverse
rumble strips on the intersection
approach

Yes, no, unknown

Presence/type of supplementary pavement
markings

Indicates the presence and type of
supplementary pavement markings on
the intersection approach

Yes, no, unknown
If yes and intersection is
signalized, type of marking:
“Signal Ahead”, other.
If yes and intersection is stop-
controlled, type of marking: “Stop
Ahead”, other.

Presence of stop ahead warning signs

Indicates the presence of stop ahead
warning signs on the intersection
approach

Yes, no, unknown (only
applicable to stop-controlled
intersections)

Presence of signal ahead warning signs

Indicates the presence of signal ahead
warning signs on the intersection
approach

Yes, no, unknown (only
applicable to signalized
intersections)

Presence of advance warning flashers

Indicates the presence of advance
warning flashers on the intersection
approach

Yes, no, unknown

Horizontal alignment of intersection approach

Indicates whether the approaching
roadway, within 250 ft of the
intersection, is a tangent or curved
section of roadway

Tangent, curve

Horizontal curve radius

Indicates the radius of the curve on the
intersection approach if a curve is
present within 250 ft of the intersection

2,000-ft Maximum
Range: 25-2000 ft

Posted speed limit

Posted speed limit on the intersection
approach (mph)

15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, unknown

Presence of crosswalk

Indicates the presence of a crosswalk
perpendicular to the intersection
approach

Yes, no, unknown

Presence of bike lane

Indicates the presence of a marked bike
lane parallel to the intersection
approach

Yes, no, unknown

Presence of railroad crossing

Indicates the presence of a railroad
crossing on the intersection approach
within 250 ft of the intersection

Yes, no, unknown

Skew

Indicates the difference between 90
degrees and the actual angle between
the approach and the major road

0-90 degrees (only applicable to
minor road approaches at stop-
controlled intersections)
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During detailed data collection, to the extentgole, the research team reviewed historical
aerial images to determine if a site had recdngign under construction or recent improvements
were made to the site to determine the appropriate years of data for use in model development.

Table 34 lists the crash and traffic volume datarses for the four stat@scluded in the study.
The goal was to obtain the most recent foursxtoysiars of crash and traffic volume data for each
site for model development. All of the data (iste characteristics, &sh, and traffic volume)
were assembled into one databasdHerpurposes of model development.

Table 34. Traffic volume and crash data sources for intersections on
high-speed urban and suburban arterials

State Traffic Volume Data Source  [Crash Data Source
California HSIS HSIS
lllinois Safety Analyst Safety Analyst
Minnesota HSIS State agency
Washington | HSIS and Safety Analyst HSIS

5.2 Descriptive Statistics of Database

A total of 504 sites—121 three-leg stop-controlled, 50 thegesignalized, 125 four-leg stop-
controlled, and 208 four-leg signalized intetsmts—were available for development of crash
prediction models. The data collections sites were located in four states—California, lllinois,
Minnesota, and Washington. To remain consistétit the standards falevelopment of the
intersection predictive models in the first editmfithe HSM, the goal of this research was to
develop crash prediction modelsth a minimum of 200 sitegars of data, and preferably

450 site-years of data or more.

Traffic Volumes and Site Characteristics

Traffic volume and crash data were available for a 5-year period. Table 35 shows the breakdown
of all sites by area type and irgection type. Study period (datexge), number of sites and site-
years, and basic traffic volume statistics draeven by state in each categ@nd across all states
within a category.

Of the intersection characteristics collected in Google Efsibe Table 33), many showed no or
very little variability (i.e., most intersectiongere predominantly of one type for a specific
variable) across sites within a category and were thus excluded from modeling. The remaining
variables (percent of “Yes” by type of trafftontrol indicated in parentheses) of potential

interest in modeling were:

€ presence of intersection lightin@top-controlled59%; signalized: 97%)
€ presence of left-turn lanes on major rgatbp-controlled: 67%; signalized: 96%)
€ presence of right-turn lanes on major ré¢sip-controlled: 48%:; signalized: 93%)

The use of these site characteristics is dsstitater in the SPF model development section.
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Crash Counts

Of the 504 intersections included in the stuahyly 18 (3.6%) experiered no crashes over the
entire 5-year study period; the breakdown by &pa and intersection type is as follows:

Three-leg intersections with stop control: 10 out of 121
Three-leg intersections with signal control: 1 out of 50
Four-leg intersections witktop control: 6 out of 125
Four-leg intersections signal control: 1 out of 208

a dh dh dh

Intersection crashes were defiresithose crashes that occurrethin 250 ft of the intersection
and were classified as at irdection or intersection-relatechnsistent with recommended
practice in the HSM for assignirgashes to an intersection.

Table 36 (three-leg intersections) and Tabl€f8dr-leg intersectionsshow all crashes
combined, single- and MV, and pedestrianl dicycle crash counts over the study period for
each state by intersection type.

Crash counts are also tallied bylision type and manner of collen across all states, separately
by intersection type, in Table 38 (three-leg isgetions) and Table 39 (four-leg intersections).
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Table 35. Major- and minor road AADT statistics by inte

rsection type on high-speed urban and suburban arterials

Date Number Number of Major Road AADT (veh/day) Minor Road AADT (veh/day)
State . ) - - - -
Range of Sites Site-Years Min | Max Mean | Median Min | Max Mean | Median
URBAN THREE-LEG STOP-CONTROLLED INTERSECTIONS (3ST)
CA 2007-2011 47 229 2,631 58,494 18,077 16,289 21 5,901 622 291
IL 2008-2012 27 121 1,450 18,200 6,625 4,750 93 7,900 1,516 950
MN 2010-2014 47 217 7,764 39,000 15,261 13,820 105 11,335 1,844 1,152
All States 2007-2014 121 567 1,450 58,494 14,428 12,225 21 11,335 1,296 675
URBAN THREE-LEG SIGNALIZED INTERSECTIONS (3SG)
CA 2007-2011 18 78 7,058 55,000 22,500 16,500 40 29,800 3,672 860
IL 2008-2012 9 44 4,200 10,780 8,231 8,500 200 6,800 3,050 2,350
MN 2010-2014 16 79 9,670 59,000 23,119 18,999 409 10,925 4,784 4,137
WA 2007-2011 7 35 18,089 28,952 21,832 20,487 1,875 16,000 7,529 6,863
All States 2007-2014 50 236 4,200 59,000 20,036 16,395 40 29,800 4,456 2,860
URBAN FOUR-LEG STOP-CONTROLLED INTERSECTIONS (4ST)

CA 2007-2011 50 236 2,765 30,525 12,575 12,354 20 9,100 1,037 391
IL 2008-2012 31 134 1,350 12,900 5,713 4,600 12 3,750 1,146 1,040
MN 2010-2014 44 206 7,000 47,200 15,864 12,940 170 11,282 1,996 1,466
All States 2007-2014 125 576 1,350 47,200 12,023 10,491 12 11,282 1,402 950
URBAN FOUR-LEG SIGNALIZED INTERSECTIONS (4SG)

CA 2007-2011 47 215 6,269 51,600 21,502 19,341 141 15,200 4,050 2,295
IL 2008-2012 62 296 4,100 22,221 10,422 9,350 800 15,300 4,383 3,750
MN 2010-2014 89 425 3,104 59,800 25,117 21,600 202 24,028 7,521 6,420
WA 2007-2011 10 50 10,841 36,802 23,694 24,325 708 30,029 11,225 9,176
All States 2007-2014 208 986 3,104 59,800 19,851 17,410 141 30,029 5,979 4,994
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Table 36. All crashes combined, single- and MV, and pedestrian and bicycle crash counts by crash severity

and intersection type for three-leg intersections

on high-speed urban and suburban arterials

Number Number Ti f All Crashes Single- Multiple- Pedestrian Bicycle
State Date Range of of Site "Sae 0 Combined Vehicle Crashes Vehicle Crashes Crashes Crashes
Sites Years Y Total | FI [ PDO | Total [FI [ PDO |[Total | FI [PDO Fl Fl
URBAN THREE-LEG STOP-CONTROLLED INTERSECTIONS (3ST)
All 212 84 125 44 | 14 30 165 70 95 3 0
CA 2007-2011 41 229 Night 59 16 42 22 3 19 36 13 23 1 0
All 185 67 118 10 1 9 175 66 109 0 0
I 2008-2012 27 121 Night 24 6 18 5| 1 4] 19| 5 12 0 0
All 312 114 198 102 | 28 74 210 86 124 0 0
MN 2010-2014 41 217 Night 88 | 27 61| 47| 13| 34| 41| 14| 27 0 0
All 709 265 441 156 | 43 113 550 222 328 3 0
All States | 2007-2014 121 567 Night 171 | 49 | 121 74 | 17 57 96 | 32 64 1 0
URBAN THREE-LEG SIGNALIZED INTERSECTIONS (3SG)
All 205 93 111 29 8 21 175 85 90 1 0
CA 2007-2011 18 8 Night 51| 23 27 15| 4] 11| 35| 19 16 1 0
All 166 54 111 13 6 7 152 48 104 0 1
I 2008-2012 9 44 Night 36 17 19 7] 4 3 29 13 16 0 0
All 364 109 255 44 8 36 320 101 219 0 0
MN 2010-2014 16 9 Night 71| 23| 48 7] 2 15| 54| 21| 33 0 0
All 138 49 88 16 7 9 121 42 79 1 0
WA 2007-2011 i 35 Night 38| 16 22 0] 5 5| 28| 11 17 0 0
All 873 305 565 102 | 29 73 768 | 276 492 2 1
All States 2007-2014 50 236 Night 196 | 79 | 116 49 | 15 34 | 146 | o4 82 1 0
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Table 37. All crashes combined, single- and MV, and pedestrian and bicycle crash counts by crash severity

and intersection type for four-leg intersections

on high-speed urban and suburban arterials

State Date Range Nu?)wfber l\(l)l;n;itzgr Tirg;zyof All Crashes Combined Vehicslfienglril_shes Vehil\cﬂlléltg)rlgéhes chrjaessrt]r;asn g:;)s/rc]lees
Sites Years Total | FI [ PDO [Total | FI_ |[PDO [Total | FI__|PDO FI Fi
URBAN FOUR-LEG STOP-CONTROLLED INTERSECTIONS (4ST)

All 250 101 145 28 6 22 218 95 123 4 0
CA 2007-2011 50 236 Night 68 28 38 11 2 9 55 26 29 2 0
All 276 109 167 20 6 14 256 103 153 0 0
I 2008-2012 31 134 Night 52 19 33 9 1 8 43 18 25 0 0
All 464 190 274 105 34 71 359 156 203 0 0
MN 2010-2014 a4 206 Night 111 36 75 55 13 42 56 23 33 0 0
Miswes | aoora014 | 125 | 5 g e e | rs as] sl asi | er| @ : 0

URBAN FOUR-LEG SIGNALIZED INTERSECTIONS (4SG)
All 1,022 414 600 93 28 65 921 386 535 8 0
CA 2007-2011 a7 215 Night 259 109 145 43 13 30 211 96 115 5 0
All 2,292 661 | 1,621 112 25 87 | 2,170 636 | 1,534 7 3
I 2008-2012 62 296 Night 513 153 356 63 9 54 446 144 302 3 1
All 3,050 980 | 2,070 241 91 150 | 2,809 889 | 1,920 0 0
MN 2010-2014 8 425 Night 601 209 392 95 30 65 506 179 327 0 0
All 383 131 247 31 6 25 347 125 222 3 2
WA 2007-2011 10 50 Night 86 32 51 13 2 11 70 30 40 3 0
All 6,747 | 2,186 | 4,538 477 | 150 327 | 6,247 | 2,036 | 4,211 18 5
All States 2007-2014 208 986 Night 1,459 503 944 214 54 160 | 1,233 449 784 11 1
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Table 38. Crash counts by collision type and manner of collision, crash severity,
and intersection type at three-leg intersections on high-speed urban and suburban arterials

Three-Leg Three-Leg
. Stop-Controlled Signalized
Collision Type Intersections (3ST) Intersections (3SG)
Total Fl | Ppo Total | FI | PDO
SINGLE-VEHICLE CRASHES
Collision with parked vehicle 0 0 0 0 0 0
Collision with animal 1 0 1 0 0 0
Collision with fixed object 37 8 29 46 16 30
Collision with other object 0 0 0 0 0 0
Other SV collision 106 29 77 48 9 39
Noncollision 12 6 6 8 4 4
Total SV crashes 2 156 43 113 102 29 73
MULTIPLE-VEHICLE CRASHES

Rear-end collision 239 80 159 494 175 319
Head-on collision 12 5 7 10 8 2
Angle collision 209 105 104 145 64 81
Sideswipe collision 54 17 37 66 10 56
Other MV collisions 36 15 21 53 19 34
Total MV crashes @ 550 222 328 768 276 492
Total Crashes @ 706 265 441 870 305 565

a

Note crash counts do not include pedestrian and bicycle crashes.

Table 39. Crash counts by collisionty  pe and manner of collis ion, crash severity, and intersection type at
four-leg intersections on high-speed urban and suburban arterials

Four-Leg Four-Leg
. Stop-Controlled Signalized
Collision Type Intersections (4ST) Intersections (4SG)
Total FIl | Ppo Total | FI | PDO
SINGLE-VEHICLE CRASHES

Collision with parked vehicle 0 0 0 0 0

Collision with animal 2 0 2 1 0 1
Collision with fixed object 31 5 26 174 36 138
Collision with other object 2 0 2 2 0 2
Other SV collision 109 34 75 263 93 170
Noncollision 9 7 2 37 21 16
Total SV crashes 2 153 46 107 477 150 327

MULTIPLE-VEHICLE CRASHES

Rear-end collision 210 59 151 3,906 1,141 2,765
Head-on collision 27 18 9 95 57 38
Angle collision 435 231 204 1,359 617 742
Sideswipe collision 78 10 68 449 53 396
Other MV collisions 83 36 47 438 168 270
Total MV crashes 2 833 354 479 6,247 2,036 4,211
Total Crashes @ 986 400 586 6,724 2,186 4,538

2 Note crash counts do not include pedestrian and bicycle crashes.
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5.3 Safety Performance Functions—Model Development

SPFs of the form shown in Equation 2 wereadeped separately for three- and four-leg
intersections, for multiple- and SV crashes.

Zw_@s <Z—-c#"x kmmpg€o+ % (mmpE)g (Eq. 2)
Where:
Nspfint = predicted average crash frequefaryan intersection with base conditions
(crashesl/year)
AADTmaj = AADT on the major road (veh/day)
AAD Tmin = AADT on the minor road (veh/day)
a,b,andc = estimated regression coefficients

For intersections on high-speed urban and suburban arterials, the SPFs were developed
consistent with the methodology in Chapter 12hef HSM for predicting itersectionsrashes in
urban and suburban areas as illusttan Equation 4 and Equation 5.

Oasgxuogax %< K@ d Oigxt 050 (Eq. 4)

065 Oxaua¥ K%/{x %/Ex...x %/Gyo (Eq. 5)

Where:

Npredicted int = predicted average crash frequefayan individual intersection for
the selected yedcrashes/year)

Nbi = predicted average crash frequen€an intersection (excluding
vehicle-pedestrian and vehicle-bicycle crashes) (crashes/year)

Npedi = predicted average crash frequentyehicle-pedestan crashes of
an intersection (crashes/year)

Nbikei = predicted average crash frequentyehicle-bicycle crashes of an
intersection (crashes/year)

Nspf int = predicted total average crasbguency of intersection-related
crashes for base conditions (kxting vehicle-pedestrian and
vehicle-bicycle collisions) (crashes/year)

CMF.i...CMRKi = crash modification factorspecific to intersection typgeand
specific geometric design and traffic control featwyres

Ci = calibration factor to adjushe SPF for intersection typéo local
conditions

The SPF portion of N Nsptiny IS the sum of two more disaggede predictions by collision type,
as shown in Equation 6.

Oxz0at Oouat 0puas (Eq.6)
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Where:
Noimv =  predicted average crash frequencyidf crashes of an intersection for
base conditions (crashes/year)
Nbisv =  predicted average crash frequencg¥fcrashes of an intersection for

base conditions (crashes/year)

Separate model structures are used to edithatyearly number of vehicle-pedestriBie§)

and vehicle-bicycleNbike) crashes at stop-controlled angrsilized intersections on high-speed
urban and suburban arterials. The average nuoflannual vehicle-pedestrian and vehicle-
bicycle crashes are estimated wifuations 9 andl2, respectively.

Oagx® 0% Bgxu (Eq.9)
Where:

fpedi= pedestrian crash adjustméadttor for intersection typie
Osupp 0o Burgu (Eq.12)
Where:

foikei= bicycle crash adjustmerddtor for intersection typie

All of the vehicle-pedestriama vehicle-bicycle crashes prewdid with Equations 9 and 12 are
assumed to be Fl crashes (none as PDO).

Based on a review of the number of statéesssite-years, and crashes for the database
assembled, data for all sites were used for model development to maximize the sample size
rather than using a portion of the data for maldeelopment and a portion for model validation.

All SPFs were developed using a NB regressmmalel based on all sgeombined within a
given area type and intersection type. In altels, state was included as a random blocking
effect, with sites nested withtheir respective staté significance level 00.20 for inclusion in

a model was selected for an individual param@tkis was based on previous models included
in the first edition of the HSM (Harwood &k, 2007). PROC GLIMMIX of SAS 9.3 was used
for all modeling (SAS). Models we developed for total, Find PDO crashes, separately for
multiple- and SV crashes.

In general, the base conditions for intersectradels in Chapter 12 of the HSM are the absence

of intersection lighting and that &dft- and right-turn lanes. A v small number ointersections

in the database for model development meahadle requirements (three intersections on two-

lane and one on multilane highways). The distribution of intersections by the three characteristics
is as follows:

€ Intersections on two-lane highways: 72 lighted; 17 unlighted (19% unlighted)
€ Intersections on multilane highways: 58@hted; 19 unlighted (26% unlighted)
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Intersections on two-lane highways: 58 wifht-turn lane on one approach; 31 with
none (35% with none)

Intersections on multilane highways: 48 with right-turn lane on one approach; 24 with
none (33% with none)

Intersections on two-lane highways: 79 w#fi-turn lane on one approach; 10 with none
(11% with none)

Intersections on multilane highways: 66 wititeirn lane on one approach; 1 with left-
turn lane on two approaches; 5 with none (7% with none)

To include all intersections in the models, besat intersectionsahdid not meet base
conditions for these three characteristics wast fidjusted using the following CMFs in reverse
(i.e., divide rather than multiply ¢hcrashes by the product of the CMFs):

€

Lighting: use CMF, shown in Equation 12-36 in tiSM and the proportion of total
crashes for unlighted intersections that occuategight in the current database, shown in
Table 40 (similar to Table 12-27 in the HSKhis CMF was applied to total, FI, and
PDO crashes before modeling

Installation of left-turn lanes: use CMghown in Table 52 (see Table 12-24 in the HSM)
Installation of right-tirn lanes: use CMEBhown in Table 53 (see Table 12-26 in the HSM)

Table 40. Nighttime crash counts and proportions for unlighted
intersections on high-speed  urban and suburban arte rials used for modeling

Proportion of
Intersection Number of ’\lillijgr]];mtt)t?rrngf Total Crg{s:ZSrsréZat
Type Sites Crashes Crashes at Night
(Pni)

Three-Leg
Stop-Controlled 53 75 258 0.291
Intersections (3ST)
Three-Leg
Signalized 1 13 63 0.206
Intersections (3SG)
Four-Leg
Stop-Controlled 47 91 356 0.256
Intersections (4ST)
Four-Leg
Signalized 6 39 159 0.245
Intersections (4SG)
Three- and Four-Leg
Signalized
Intersections ! 52 222 0.234
(3SG and 4SG)

2 Number of unlighted intersections only.

The final SPF models for crashatsintersections on high-speedhan and suburban arterials are
shown, separately for each intersaac type, in the following order:

€ Table 41: MV total crashes
€ Table 42: MV FI crashes
€ Table 43: MV PDO crashes
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€ Table 44: SV total crashes
€ Table 45: SV Fl crashes
€ Table 46: SV PDO crashes

Each table shows the model coefficients and aspedsion parameter (estimate), their standard
error, and associated p-values (or significdegel) for each severity level. Figures 21-44
graphically present the SPFs shown in Ta#leg6 for various major- and minor road AADTS.

Both major- and minor road AADT coefficients aignificant at the 80-peent level otbetter in

all MV crash models. However, for the SV crash models, major- and minor road AADT
coefficients were not always sidicant at the 80-percent level better. For completeness, these
models are provided and are considered the reasbnable models for estimating SV crashes at
intersections on high-speed urban and suburban arterials.

Table 41. SPF coefficients for intersections on high-speed urban and suburban
arterials—MV total crashes

Intersection Type Parameter Estimate StEérrlrc:)arrd Pr>F Significance Level
MULTIPLE-VEHICLE TOTAL CRASHES

Intercept -8.26 2.56 -- --
-Sr?cgg?élai%rolled IN(AADT maj) 0.58 0.25 0.03 Significant at 95% level
Intersections (3ST) IN(AADT min) 0.49 0.11 <.01 Significant at 99% level

Overdispersion 0.85 0.18 -- -

Intercept -4.41 1.31 .

;gﬁ;tgg IN(AADT maj) 0.43 0.14 <.01 Significant at 99% level
Intersections (3SG) IN(AADT min) 0.19 0.06 <.01 Significant at 99% level
Overdispersion 0.21 0.06 -- -

Intercept -5.78 2.09 -- --
gtt)cl)Jg:(LZ%grltrolled IN(AADT maj) 0.48 0.21 0.02 Significant at 95% level
Intersections (4ST) IN(AADT min) 0.36 0.10 <.01 Significant at 99% level

Overdispersion 0.91 0.17 -- -

Intercept -9.65 0.92 -- --

E?g“r:aﬁg § IN(AADT ) 0.98 0.08 <01 Significant at 99% level
Intersections (4SG) IN(AADT min) 0.28 0.05 <.01 Significant at 99% level
Overdispersion 0.31 0.03 --

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control
approaches; for signal control intersections, absence of turn lanes on all intersection approaches
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Figure 21. Graphical representation of the SPF for MV total crashes at three-leg stop-controlled intersections
on high-speed urban and suburban arterials

Figure 22. Graphical representation of the SPF for MV total crashes at three-leg signalized intersections on
high-speed urban and suburban arterials
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Figure 23. Graphical representation of the SPF for MV total crashes at four-leg stop-controlled intersections
on high-speed urban and suburban arterials

Figure 24. Graphical representation of the SPF for MV total crashes at four-leg signalized intersections on
high-speed urban and suburban arterials
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Table 42. SPF coefficients for intersections on high-speed urban and suburban

arterials—MV FI crashes
Intersection Type Parameter Estimate Stgr;:joa;rd Pr>F Significance Level?
MULTIPLE-VEHICLE FI CRASHES

Intercept -6.84 2.71 -- --
;?;;e;-eéléen%rone g IN(AADT ) 0.40 0.27 0.14 Significant at 85% level
Intersections (3ST) IN(AADT min) 0.38 0.12 <.01 Significant at 99% level

Overdispersion 0.76 0.19 -- -

Intercept -7.28 1.25 -- --
;ihgrremzl_i;:g IN(AADT 1) 0.64 0.13 <.01 Significant at 99% level
Intersections (3SG) IN(AADT min) 0.17 0.06 <.01 Significant at 99% level

Overdispersion 0.09 0.05 -- -

Intercept -7.93 2.23 -- --
g?gg:é%%tm”e g IN(AADT ) 0.55 0.22 0.01 Significant at 99% level
Intersections (4ST) IN(AADT min) 0.45 0.11 <.01 Significant at 99% level

Overdispersion 0.89 0.18 -- -

Intercept -9.61 0.97 -- --
g?g“rgl-;g d IN(AADT ) 0.86 0.09 <01 Significant at 99% level
Intersections (4SG) IN(AADT min) 0.29 0.05 <.01 Significant at 99% level

Overdispersion 0.31 0.04 -- -

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control

approaches; for signal control intersections, absence of turn lanes on all intersection approaches

Figure 25. Graphical representation of the SPF for MV
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Figure 26. Graphical representation of the SPF for MV FI crashes at three-leg signalized intersections on
high-speed urban and suburban arterials

Figure 27. Graphical representation of the SPF for MV FI crashes at four-leg stop-controlled intersections on
high-speed urban and suburban arterials
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speed urban and suburban arterials

crashes at four-leg signalized intersections on high-

Table 43. SPF coefficients for intersections on high-speed urban and suburban

arterials—MV PDO crashes

Intersection Type Parameter Estimate StaEr:r(larrd Pr>F Significance Level?
MULTIPLE-VEHICLE PDO CRASHE

Three-Leg Intercept -9.89 3.00 -- -

Stop-Controlled IN(AADT na) 0.65 0.29 0.03 Significant at 95% level

Intersections (35T) IN(AADT i) 0.56 0.14 <01 Significant at 99% level
Overdispersion 1.11 0.25 -- --

Three-Leg Intercept -3.08 1.67 -- --

Signalized IN(AADT na) 0.25 0.18 0.17 Significant at 80% level

Intersections (35G) IN(AADT i) 0.19 0.08 0.02 Significant at 95% level
Overdispersion 0.34 0.10 -- --

Four-Leg Intercept -5.46 2.14 -- --

Stop-Controlled IN(AADT na) 0.42 0.21 0.05 Significant at 95% level

Intersections (45T) IN(AADT i) 0.32 0.10 <01 Significant at 99% level
Overdispersion 0.94 0.18 -- --

Four-Leg Intercept -10.70 1.05 -- --

Signalized IN(AADT a) 1.04 0.10 <.01 Significant at 99% level

Intersections (4SG) IN(AADT ) 0.29 0.05 <01 Significant at 99% level
Overdispersion 0.38 0.04 -- --

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control

approaches; for signal control intersections, absence of turn lanes on all intersection approaches
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Figure 29. Graphical representation of the SPF for MV PDO crashes at three-leg stop-controlled intersections
on high-speed urban and suburban arterials

Figure 30. Graphical representation of the SPF for MV PDO crashes at three-leg signalized intersections on
high-speed urban and suburban arterials
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Figure 31. Graphical representation of the SPF for MV~ PDO crashes at four-leg stop-controlled intersections
on high-speed urban and suburban arterials

Figure 32. Graphical representation of the SPF for MV~ PDO crashes at four-leg signalized intersections on
high-speed urban and suburban arterials
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Table 44. SPF coefficients for intersections on high-speed urban and suburban

arterials—SV total crashes

Intersection Type Parameter Estimate St;?g)?rd Pr>F Significance Level?
SV TOTAL CRASHES

Three-Leg Intercept -12.28 3.34 -- --
Stop-Controlled IN(AAD T may) 0.92 0.32 <.01 Significant at 99% level
'gtgfec“ons IN(AADT ir) 0.36 0.13 <01 Significant at 99% level
( ) Overdispersion 0.69 0.22 -- --
Three-Leg Intercept -6.77 2.31 -- --
Signalized IN(AADT 1) 0.60 0.24 0.02 Significant at 95% level
'gtggec“ms IN(AADT in) 0.04 0.11 0.73 Not significant

( ) Overdispersion 0.57 0.21 -- --

Four-Leg Intercept -7.63 2.93 -- -
Stop-Controlled IN(AADT 1) 0.44 0.28 0.13 Significant at 85% level
'Tgfec“ons IN(AADT i) 0.39 0.15 0.01 Significant at 99% level
(“4ST) Overdispersion 1.12 0.31 -- --

Four-Leg Intercept -6.04 1.12 -- -
Signalized IN(AADT 1) 0.52 0.11 <.01 Significant at 99% level
'ngec“ons IN(AADT in) 0.10 0.07 0.13 Significant at 85% level
( ) Overdispersion 0.55 0.08 -- --

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control

approaches; for signal control intersections, absence of turn lanes on all intersection approaches

Figure 33. Graphical representation of the SPF for SV total crashes at three-leg stop-controlled intersections
on high-speed urban and suburban arterials
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Figure 34. Graphical representation of the SPF for SV total crashes at three-leg signalized intersections on
high-speed urban and suburban arterials

Figure 35. Graphical representation of the SPF for SV total crashes at four-leg stop-controlled intersections
on high-speed urban and suburban arterials
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high-speed urban and suburban arterials

total crashes at four-leg signalized intersections on

Table 45. SPF coefficients for intersections on high-speed urban and suburban

arterials—SV FI crashes

Intersection Type Parameter Estimate StaEr:r(larrd Pr>F Significance Level?
SV FI CRASHES

Three-Leg Intercept -14.00 6.64 -- -
Stop-Controlled IN(AADT naj) 0.79 0.64 0.22 Not significant
Intersections IN(AADT min) 0.53 0.26 0.05 Significant at 95% level
(3ST) Overdispersion 2.10 0.70 - --
Three-Leg Intercept -7.41 3.69 - -
Signalized IN(AADT gy 0.63 0.39 0.11 Significant at 85% level
Intersections IN(AADT 1in) -0.09 0.17 0.61 Not significant
(3SG) Overdispersion 1.04 0.57 -- --

Four-Leg Intercept -13.96 4.85 - -
Stop-Controlled IN(AADT mgj) 0.91 0.46 0.05 Significant at 95% level
Intersections IN(AADT min) 0.45 0.27 0.10 Significant at 90% level
(4ST) Overdispersion 1.64 0.56 -- --

Four-Leg Intercept -9.89 1.88 -- --
Signalized IN(AADT naj) 0.83 0.18 <.01 Significant at 99% level
Intersections IN(AADT min) 0.04 0.10 0.65 Not significant
(4S6) Overdispersion 0.98 0.19 -- --

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control

approaches; for signal control intersections, absence of turn lanes on all intersection approaches
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Figure 37. Graphical representation of the SPF for SV FI crashes at three-leg stop-controlled Intersections on
high-speed urban and suburban arterials

Figure 38. Graphical representation of the SPF for SV Fl crashes at three-leg signalized intersections on
high-speed urban and suburban arterials
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Figure 39. Graphical representation of the SPF for SV FI crashes
at four-leg stop-controlled intersections on high-speed  urban and suburban arterials

Figure 40. Graphical representation of the SPF for SV FI crashes
at four-leg signalized intersections  on high-speed urban and suburban arterials
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Table 46. SPF coefficients for intersections on high-speed urban and
suburban arterials—SV PDO crashes

Intersection Type Parameter Estimate Stzér:r(:)arrd Pr>F Significance Level?
SV PDO CRASHES

Three-Leg Intercept -12.07 3.58 -- --
Stop-Controlled IN(AADT ) 0.92 0.34 <.01 Significant at 99% level
Intersections IN(AADT min) 0.31 0.15 0.04 Significant at 95% level
@3sTm Overdispersion 0.75 0.25 - --
Three-Leg Intercept -7.54 2.69 -- --
Signalized IN(AADT ) 0.61 0.28 0.04 Significant at 95% level
Intersections IN(AADT min) 0.08 0.13 0.52 Not significant
(3SG) Overdispersion 0.74 0.27 - --

Four-Leg Intercept -6.15 3.11 -- --
Stop-Controlled IN(AADT ngj) 0.24 0.30 0.44 Not significant
Intersections IN(AADT min) 0.41 0.16 0.01 Significant at 99% level
(4sT) Overdispersion 1.40 0.38 - --

Four-Leg Intercept -5.10 1.35 -- --
Signalized IN(AADT ngj) 0.37 0.13 <.01 Significant at 99% level
Intersections IN(AADT min) 0.11 0.08 0.17 Significant at 80% level
(4SG) Overdispersion 0.84 0.12 - --

Base Condition: Absence of intersection lighting; for stop control intersections, absence of turn lanes on non-stop control

approaches; for signal control intersections, absence of turn lanes on all intersection approaches

Figure 41. Graphical representation of the SPF for SV PDO crashes at three-leg stop-controlled intersections

on high-speed urban and suburban arterials
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Figure 42. Graphical representation of the SPF for SV PDO crashes at three-leg signalized intersections on
high-speed urban and suburban arterials

Figure 43. Graphical representation of the SPF for SV PDO crashes at four-leg stop-controlled intersections
on high-speed urban and suburban arterials
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Figure 44. Graphical representation of the SPF for SV PDO crashes at four-leg signalized intersections on
high-speed urban and suburban arterials

Similar to Tables 12-11 (MV crashes) and 12($¥ crashes) in the HSM, Table 47 (MV

crashes) and Table 48 (SV crashes) providegmtages of Fl andd®O crash severities by

collision types, separately for each intersectigretyl hese percentages were calculated based on
all multiple- and SV crash counts at all intersections for all states combined.

Table 47. Distribution of MV crashes for intersections
on high-speed urban and suburban arterials

Percentage of Multiple-Vehicle Crashes
Three-Leg Three-Leg Four-Leg Four-Leg
Manner of Collision Stop-Cont_roIIed Signaliz_ed Stop—ControIIed Signaliz_ed
Intersections Intersections Intersections Intersections
(3ST) (3SG) (4ST) (4SG)

Fl PDO FI PDO FI PDO FI PDO
Rear-end collision 36.0 48.5 63.4 64.8 16.7 31.5 56.0 65.7
Head-on collision 2.3 2.1 2.9 0.4 5.1 1.9 2.8 0.9
Angle collision 47.3 31.7 23.2 16.5 65.3 42.6 30.3 17.6
Sideswipe collision 7.7 11.3 3.6 114 2.8 14.2 2.6 9.4
Other MV caollisions 6.8 6.4 6.9 6.9 10.2 9.8 8.3 6.4
Total MV crashes 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table 48. Distribution of SV crashes for intersections on high-speed urban
and suburban arterials

Percentage of SV Crashes
Three-Leg Three-Leg Four-Leg Four-Leg
Manner of Collision Stop-ControIIed Signaliz_ed Stop-CpntroIIed Signaliz_ed
Intersections Intersections Intersections (4ST) Intersections
(3ST) (3SG) (4SG)

Fl PDO Fl PDO Fl PDO Fl PDO
Collision with parked vehicle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Collision with animal 0.0 0.9 0.0 0.0 0.0 1.9 0.0 0.3
Collision with fixed object 18.6 25.7 55.2 41.1 10.9 24.3 24.0 42.2
Collision with other object 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.6
Other SV collision 67.4 68.1 31.0 53.4 73.9 70.1 62.0 52.0
Noncollision 14.0 5.3 13.8 55 15.2 1.9 14.0 4.9
Total SV crashes 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 49 provides the distributiai pedestrian crashes by totahshes for intersections on high-
speed urban and suburban arteriélge proportion of pedestrian crashes is used to estimate the
number of pedestrian crashes at intersections on high-spega and suburban arterials.

Table 49. Distribution of pedestrian crash counts and percentages for intersections
on high-speed urban and suburban arterials

Number
of Total
Crashes

Number of
Pedestrian
Crashes

Number
of Sites

Percentage of

Intersection Type Pedestrian Crashes

Three-Leg
Stop-Controlled
Intersections
(3ST)
Three-Leg
Signalized
Intersections
(3SG)
Four-Leg
Stop-Controlled
Intersections
(4ST)

Four-Leg
Signalized
Intersections
(4SG)

121 3 706 0.42

50 2 870

125 4 986 0.41

208 18 6,724 0.27

Table 50 provides the distribati of bicycle crashes by totalashes for intersections on high-
speed urban and suburban artsridhe proportion of bicycle ashes is used to estimate the
number of bicycle crashes at intersectionsigh-speed urban and suburban arterials.

Table 50. Distribution of bi cycle crash counts and percen tages for intersections on
high-speed urban and suburban arterials

Number of Number .
Intersection Type Number Bicycle of Total Percentage of Bicycle
of Sites Crashes
Crashes Crashes
Three-Leg
Stop-Controlled 121 0 706 0.00
Intersections (3ST)
Three-Leg
Signalized 50 1 870 0.11
Intersections (3SG)
Four-Leg
Stop-Controlled 125 0 986 0.00
Intersections (4ST)
Four-Leg
Signalized 208 5 6,724 0.07
Intersections (4SG)
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Following the development of the crash prediction models for intersections on high-speed urban
and suburban arterials, compaiilyitesting of the m& models to confirm that the new models
provide reasonable results over a broad rangepot conditions and that the new models

integrate seamlessly with existing intersectionle@adiction models in #first edition of the

HSM was conducted. The graphical represematof the crash prediction models in

Figures 21-44 provide some sense of the reddenass of the new models for intersections on
high-speed urban and suburban rdate. Nothing from these figures suggests that the models
provide unreasonable results.dddition, the new models fortarsections on high-speed urban

and suburban arterials were compared to the corresponding models in Chapter 12 of the HSM.

Figure 45 illustrates a comparison of the predicted averagefecegsiency for MV total crashes
based on the 3ST model for urban and suburbandpgbkd arterials (Table 41) to the predicted
average crash frequency based on the 3ST model in Chapter 12 of the HSM. The dashed lines in
the figure represent the predicted average drasjuency for the new model (i.e., 3ST model for
urban and suburban high-speetkaals), and the solid linespresent the predicted average

crash frequency for the 3ST model in the HS¥milarly, Figure 46 illustrates a comparison of

the predicted average crash frequency for M¥¢rakhes based on the 4ST model for urban and
suburban high-speed arterials (Table 42) éoptedicted average crash frequency based on the
4ST model in Chapter 12 of the HSM, and Fegd7 illustrates a comparison of the predicted
average crash frequency for MV FI crashesegdeon the 4SG model for urban and suburban
high-speed arterials (Table 4®)the predicted average crdsbquency based on the 4SG model

in Chapter 12 of the HSM. As illustrated in Figures 45-47 and consistent with most of the other
compatibility testing for inteesctions on high-speed urban amtbsrban arterials, the new crash
prediction models for intersections on high-spedzhn and suburban arts predicted slightly
higher crash frequencies for the same traffinditions as the corngending models in HSM
Chapter 12. This seems reasonable as higher spekdequire quicker reaction times to avoid
potential conflicts. Similarly, it imot surprising that more M¥I crashes are predicted on high-
speed urban and suburban arterials compartetpredictions for lower speed urban and
suburban arterials, given the correlatimiween vehicle speed and crash severity.

In summary, the models for intersections oghkspeed urban and subunkarterials appear to

provide reasonable results over a broad rafigeput conditions and can be integrated
seamlessly with existing intersection crash pralicmodels in the first edition of the HSM.
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Figure 45. Comparison of new crash prediction model to existing model in HSM: 3ST for MV crashes for
urban and suburban high-speed arterials vs 3ST for MV crashes from HSM Chapter 12 (total crashes)

Figure 46. Comparison of new crash prediction model to existing model in
HSM: 4ST for MV crashes for urban and suburban high-speed arterials vs 4ST
for MV crashes from HSM Chapter 12 (FI crashes)
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Figure 47. Comparison of new crash prediction model to existing model in HSM: 4SG
for MV crashes for urban and suburban high-speed arterials vs 4SG for multiple
vehicle crashes from HSM Chapter 12 (FI crashes)

5.4 Crash Modification Factors

During the development of the crash predictiardels for intersections on high-speed urban and
suburban arterials, three potahtources of CMFs for usativthe SPFs were considered:

€ CMFs developed as part of this resedraked on a cross-sectional study design and
regression modeling

€ CMFs already incorporated into the fieglition of the HSM and applicable to
intersections on high-speedoan and suburban arterials

€ High-quality CMFs applicable to integstions on high-speed urban and suburban
arterials developed using defensibledst designs (e.g., observational before-after
evaluation studies using SPFs—the EB method), as referenced in FHWA’'s CMF
Clearinghouse with four onfe-star quality ratings or bad on a review of relevant
intersection safety literature
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After considering developing CMFs through resgien modeling as part of this research and
based on a review of the CMFs already incormatat the first edition of the HSM and other
potential high-quality CMFs developed using defensible study designs, three CMFs were
identified for potential use with the craskegiction models for intersections on high-speed
urban and suburban ans, including:

€ The CMF for intersection lighting based o thork by Elvik and Vaa (2004), which is
identified for use with the intersection crash prediction models in Chapter 12 of the first
edition of the HSM.

€ The CMFs for providing a left-turn lane on omemore intersection approaches at an
urban or suburban intersection based @wibrk by Harwood et al. (2002), which is
identified for use with the intersection crash prediction models in Chapter 12 of the first
edition of the HSM.

€ The CMFs for providing a righttarn lane on one or moretersection approaches at an
urban or suburban intersection based @wibrk by Harwood et al. (2002), which is
identified for use with the intersection crash prediction models in Chapter 12 of the first
edition of the HSM.

The CMFs recommended for use with the SPFs for intersections on high-speed urban and
suburban arterials are presented below.

Lighting CMF

With the CMF for intersection lighting based thre work by Elvik and Vaa (2004), the base
condition is the absence of intecsion lighting. The CMF for lightethtersections is similar to
the CMF in Equation 12-36 ithe HSM and has the form:

%/(=1 FO0.38% Lyy (Eq.39)
Where:
CMF = crash modification factor for thedfect of lighting ortotal crashes; and
pni = proportion of total crashes for uriligd intersections that occur at night.

This CMF applies to total intersection crasfest including vehicle-pedestrian and vehicle-
bicycle crashes). Table 51 (similar to Table 12-27 in the HSM) presents default values for the
nighttime crash proportionnpby roadway type.

Table 51. Nighttime crash proporti  ons for unlighted intersections
on high-speed urban and suburban arterials

Proportion of
Crashes that
Occur at Night
Pni

Intersection Type

Three-Leg Stop-Controlled 0.291

Three-Leg Signalized 0.206

Four-Leg Stop-Controlled 0.256

Four-Leg Signalized 0.245
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Intersection Approaches with Left-Turn Lanes CMF

With the CMFs for providing a left-turn lane one or more intersection approaches at an
intersection on a high-speed unband suburban arterial based on the work by Harwood et al.
(2002), the base condition is the absence of leftHanes on intersection approaches. The CMFs
for providing a left-turn lane on one or more intersection appesaale presented in Table 52.
Table 52is presented in the same format abl&éd 2-24 in the HSM Part C (AASHTO, 2010).
These CMFs apply to all severity levels.

Table 52. CMF; for installation of left-turn la  nes on intersection approaches
(Harwood et al., 2002; AASHTO, 2010)

. Intersection Number of Approaches with Left-Turn Lanes 2
Intersection .
Type Traffic One Two Three Four
Control Approach Approaches Approaches Approaches

Minor road stop

Three-Leg control® 067 0-45
Traffic signal 0.93 0.86 0.80
Minor road stop

Four-Leg control® 0.73 0.53
Traffic signal 0.90 0.81 0.73 0.66

@ Stop-controlled approaches are not considered in determining the number of approaches with left-turn lanes.
b Stop signs present on minor road approaches only.

Intersection Approaches with Right-Turn Lanes CMF

With the CMFs for providing a right-turn lane one or more intersection approaches at an
intersection on a high-speed unband suburban arterial based on the work by Harwood et al.
(2002), the base condition is the absencegbitsiurn lanes on inteestion approaches. The
CMFs for providing a right-turfane on one or more intersextiapproaches are presented in
Table 53. Table 5& presented in the same format as Table 12-26 in the HSM Part C
(AASHTO, 2010). These CMFs aptio all severity levels.

Table 53. CMF:i for installation of right-turn lanes on intersection approaches (Harwood et al., 2002;
AASHTO, 2010)

i Number of Approaches with Right-Turn Lanes 2
Intersection Intersection u pp Wi ignt-Tu
Type Traffic One Two Three Four
Control Approach Approaches Approaches Approaches
Three-le Minor- road stop control® 0.86 0.74 - -
9 Traffic signal 0.96 0.92
Minor road stop control® 0.86 0.74 - -
Four-leg —
Traffic signal 0.96 0.92 0.88 0.85

a Stop-controlled approaches are not considered in determining the number of approaches with right-turn lanes.
b Stop signs present on minor road approaches only.

5.5 Severity Distribution Functions

The development of SDFs was exploredifitersections on high-speed urban and suburban
arterials using methods outlined in Section 2dt.this report. SDFs were not used in the
development of crash prediction methods in thet &dition of the HSM but were subsequently
used in the Supplement teethiSM for freeways and ramps (AASHTO, 2014). The database
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used to explore SDFs for intersections on hegbhed urban and suburban arterials consisted of
the same crashes and intersections as the dasalmexto estimate the SPFs, but restructured so
that the basic observation unit (i.e., databasg i®a crash instead of an intersection.

No traffic or geometric variables showed statidlycsignificant effects in the SDFs for three-leg
intersections with stopontrol (3ST) or signatontrol (3SG) on high-speed urban and suburban
arterials. For four-leg intersections with stop control (4ST) and signal control (4SG) on high-
speed urban and suburban arterials, the SDF takes the following form:

Where:

P4x,at,K

P4x,at,A -

P4x,at,B -

P4x,at,C -

Vka =
Pk|kA 4x,at

Pajka,axat

_ cv (1' 1/42)

2604 = 5o v 24 Aoy r (Eq.45)
28800 = %x 2| iogy_r (Eq.46)
28600 =(1 F &oa F Be0e0) X Zy»ysy r (Eq.47)
Zeow=(1 F Zoa F Beoe) X Zpmysy r (Eq.48)

probability of a fatal crash (givenatha fatal or injury crash occurred) for
4-leg intersections4k) based on all collision typeat] and control type

(x = ST: minor road stoponitrol; SG: signal control);

probability of an incapacitating injugyash (given that a fatal or injury
crash occurred) for 4-leg intersectiodg)(based on all collision typeat]
and control typex (x = ST: minor road stop control; SG: signal control);
probability of a non-incapacitating imyjucrash (given that a fatal or injury
crash occurred) for 4-leg intersectioAs)(based on all collision typeat]
and control typex (x = ST: minor road stop control; SG: signal control);
probability of a possible injury cragbiven that a fatal or injury crash
occurred) for 4-leg intersectiondxX based on all collision typeat{ and
control typex

(x = ST: minor road stoponitrol; SG: signal control);

systematic component of cnaseverity likelihood for severitifA,
probability of a fatal crash given that the crash has a severity of either fatal
or incapacitating injury for 4-leg intersectiodx) based on all collision
types @t) and control type (x = ST: minor road stop control; SG: signal
control); and

probability of an incapacitating imy crash given that the crash has a
severity of either fatal or incapaditag injury for 4-leg intersectiongl)
based on all collision typeat] and control type (x = ST: minor road
stop control; SG: signal control).
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The basic model form for the systematic paments of crash severity likelihood at 4-leg
intersections on high-speed urban and suludneerials is illusated by Equation 49.

8io= =+ kx0.001x ##&%yor (?2X0.001x ##&EH)+ K@ Jaovad KA Jaoveiar KB Jioveoee  (EQ. 49)

Where:

H#&Hyy = AADT on the major road (veh/day)

H#&Hya = AADT on the minor road (veh/day)

NmajLTL = total number of left-turn lanes doth major road approaches (0, 1,
or 2)

NmajRTL = total number of right-turn lanes on both major road approaches
(0, 1,0r2)

Nmajthru = total number of through lanes on the major road

a, b,c, d eandf = estimated SDF coefficients

The SDF coefficients for 4-leg intersectiams high-speed urban and suburban arterials are
provided in Table 54.

Table 54. SDF coefficients for four-leg intersections on high-speed urban and s uburban arterials

Contr?)I()Type Severity (z) Variable a b c d e f
Minor road stop . T

control (ST) Fatal or incapacitating injury (KA) | Vka -1.932 | -0.0741 | 0.000 | 0.000 | -0.338 | 0.383
(SS'%‘)al control, | cotal or incapacitating injury (KA) | Via -1.971 | -0.0598 | -0.0373 | -0.178 | -0.182 | 0.479

For four-leg intersections witstop control on high-speed urban audurban arterials, values of
0.18 and 0.82 are used féxkaand Rka, respectively.

For four-leg intersections witksignal control on high-g2d urban and suburban arterials, values
of 0.18 and 0.82 are also usedRakaand R\ka, respectively.

5.6 Summary of Recommended Models for Incorporation in the HSM

In summary, several crash pretho models were developed forde- and four-leg intersections
with stop control and signal control on high-speed urban and suburban arterials for consideration
in the second edition of tHéSM, including models for:

€ Three-leg intersections with minor rostp control (3ST) on high-speed urban and
suburban arterials

€ Three-leg intersections with signal control (3SG) aghképeed urban and suburban
arterials

€ Four-leg intersections with minor roatbp control (4ST) on high-speed urban and
suburban arterials
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€ Four-leg intersections witkignal control (4SG) on gh-speed urban and suburban
arterials

The final models presented in Tables 41-46racemmended for inclusion in the second edition
of the HSM. As noted, several of the models for SV crashes include major- and minor road
AADT coefficients that were not significarfthese models are still considered the most
reasonable models for estimating SV crashé&statsections on high-speed urban and suburban
arterials. Having models with coefficierfts major- and minor road AADTSs that are not
significant is not a major concern because SVhasst intersections do not occur often and is
not a crash type of interest that agenci¢sro€onsider to remedy. MV crashes are the major
concern at intersections, and all of the MV modettude coefficients for major- and minor road
AADTSs that are statistically significant. In addition, the final models for intersections on high-
speed urban and suburban arterials recommendéucfasion in the HS! are not intended to
replace the existing models in the HSM for the corresponding intersection configurations and
traffic control types. Ratheris recommended the secondte of the HSM state that the
intersection SPFs not designated #imadly for high-speed arterialsan be used to predict crash
frequencies at intersections loéed on high-speed arterials, bueus models that have been
developed specifically for intersections lochtan high-speed arterials recommended when
analyzing intersections located on urban and dhayuarterials with posted speed limits of 50
mph or greater.

SDFs for intersections on high-speed urbagh suburban arterials areported in Section 5.5.
However, for the reasons prded in Section 4.6, it is recommaed for the second edition of

the HSM that crash severity for intersections on high-speed urban and suburban arterials be
addressed in a manner consistent with existieghods in Chapter 12 of the HSM, without use
of SDFs.

Appendix A presents recommended text faoirporating the final recommended models for
intersections on high-speed urban and subudseerials into Chapter 12 of the HSM.
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Chapter 6.
Development of Models for Use in HSM Crash Prediction
Methods: Five-Leg Intersections

This section describes the development of cpestictive methods for fiveg intersections and
presents the final models recommended for incorporation in the second edition of the HSM.
None of the HSM Part C chapters in the firstied of the HSM includesrash prediction models
for five-leg intersections. A five-leg intersemti is a junction of fiveoadway segments that
intersect at a common paved area. Five-legsetdions can be stop-controlled or signal-
controlled. Data collection and analysis focusadive-leg intersectionwith signal control on
urban and suburban arterials (5SG) due to linoitetin sample sizes and data availability for
other area and traffic control types.

6.1 Site Selection and Data Collection

A list of potential five-leg intersections fanodel development was derived using databases
obtained from state DOTSs, HSIS, or Safetyalyst. The five-leg itersections ultimately
selected for model development were in four states:

Ohio (OH)

lllinois (IL)
Massachusetts (MA)
Minnesota (MN)

a dh dh b

Intersections in Michigan and ({ffarnia were also initially coridered, but were not included in
the databases. Data obtained from Michigan had limited information on approach-level traffic
volumes for the five approach legs. HSIS datan California generally contained AADTSs for
major- and minor- approaches that were pathefstate highway system but did not contain
traffic volume information for the fifth leg, which was usually a local road.

Each potential intersection was viyanvestigated using Google Eaftho verify the
intersection had five approaches and to renfou@ consideration intersections where there
were noticeable changes in geometry, traffic i@nor access points in close proximity to the
intersection duringhe study period.

Lists of potential five-leg inteextions and their coordinates wemvided by Ohio, Illinois, and
Massachusetts DOTs. Potential intersectiaridinnesota were obtained from HSIS.
Intersections from HSIS weredated using the state’s linear nefiecing system (LRS), and it
was challenging to position them accuraigfya map for further processing. The Network
Explorer for Traffic AnalysifNeXTA) and Minnesota’s roadway network shapefile were
ultimately used as an alternative to identify pttdnntersections as nodes with five links. With
this approach, nodes and links were crefitath the roadway network using the network
segment endpoints to identify common intergethodes. Five-leg intersections were then
identified as node locations with five or more links connected. Finally, the coordinates of
selected nodes were imported into ArcGlgeémerate a KML file, which was then used for
visual verifications in Google Eafth
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Visual investigation was essential to cornesclassifications of four-leg and six-leg
intersections as five-leg intersections in theahlataset. This was in part due to link-node
roadway representations that showed fim&diapproaching a giverode. Figure 48 shows an
example of a location identified adive-leg intersection in the tml list, but later identified as a
four-leg intersection dumg visual verification and not auded in model development.

Figure 48. Sample intersection excluded from the five-leg analysis after visual inspection (Source:
Massachusetts DOT / ArcMap)

As shown in Table 55, the initiaet of 446 potential five-leg fersections in Ohio, lllinois,
Massachusetts, and Minnesota resulted irted &b 177 verified five-leg intersections:

93 signalized in urban and suburban locati&sstop-controlled in urban and suburban
locations, and 27 stop-controlled in rural locasioDifficulties in practically obtaining detailed
traffic volume and crash data for five-leg irgections with stop control prevented further
consideration of such locations for model development. Data collection continued for the
93 remaining five-leg intersections witlgeal control in urbaand suburban areas.

Table 55. Potential and verified five-leg intersections

) Verified Intersections
State IntZ?stzgttilglns Rural Urban and Sub.urban
Stop-Controlled Stop-Controlled Signal Control
OH 183 22 13 39
MA 18 0 0 18
IL 107 2 2 4 25
MN 138 3 40 11
Total 446 27 57 93
2 The list of 86 potential five-leg intersections provided by lllinois DOT was expanded to 107 intersections during visual
inspection.
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Table 56 lists the intersection attributes atiltel (and respective deitions and permitted
values) for five-leg intersections.

Table 56. Site characteristic variables  collected for five-leg intersections

Variable | Definition | Range or Permitted Values
General Intersection Attributes
Intersection configuration (i.e., number of | Indicates the number of legs and type of
: : 5ST, 55G

legs and type of traffic control) traffic control
Indicates whether the intersection is in a

Area type Rural, urban
rural or urban area

Presence of intersection lighting Indlcat_es if ove_rhead lighting is present Yes, no
at the intersection proper

Approach Specific Attributes

Specifies the route name or number of

Route name or number
the approach

Location at intersection Slde/quad_rant of the intersection the N, S, E, W, NE, NW, SE, SW
approach is located

Presence of left-turn lanes The number of approaches with one or 0,1,2,3,4,5
more left-turn lanes

Left-turn protected only Number of approaches with protected 012345
only left-turn operations

. Number of approaches with permitted

Left-turn permitted only only left-turn operations 0,1,2,3,4,5

Left-turn protected and permitted Number O.f approaches with p_rotected 0,1,2,3,4,5
and permitted left-turn operations

Two-way no left-turn Numbgr of approaches with two-way 012345
operation and no left turns

Presence of right-turn lane Number of approaches with one or more 0,1,2,3,4,5
right-turn lanes

No turn on red r’\elchlimber of approaches with no turn on 012,345

Two-way no turn restrictions Numb(_er of approaches W'th tyvo—way 0,1,2,3,4,5
operation and no turn restrictions
Number of approaches with one-way

One-way operation (traffic approaching 0,1,2,3,4,5
intersection)
Number of approaches with one-way

One-way receiving operation (receiving traffic from 0,1,2,3,4,5
intersection)

Red light camera Indicates presence of red light cameras Yes, no

In general, the goal of data collection was to obthé most recent four to six years of crash and
traffic volume data for each site for modelvelopment. After gathering all available

information, a continuous five-year period from 2009 to 2013 was common to all four states and
was therefore selected for model developmehtd#ta (i.e., site characteristics, crash, and

traffic volume) were assembled into one database for the purposesief development.

Traffic volumes for the 57 urban, five-leg sigrall intersections in Ohio and Massachusetts
were readily available from the respective fleg intersection dabmses provided to the
research team by each state. Additional sousezs required to complete traffic volume data
collection for intersections in lllinois and Minnesota.

Crash data were obtained directly from the dpa@F's. All verified intersections with available
traffic volumes also had available crash dateept for five intersections in Massachusetts.
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Therefore, the total number of intersectionaitable for model development was 76, including
39 intersections from Ohio, 13 from lllinois3 from Massachusetts, and 11 from Minnesota.
Definitions of intersection and intersectiorated crashes from existing HSM intersection

predictive methods were used for this study.

6.2 Descriptive Statistics of Database

A total of 76 five-leg intersections with signal control obam and suburban arterials were
available for development of crash prediction models. The data collections sites were located in
four states—Illlinois, Massachetts, Minnesota, and Ohio. To remain consistent with the
standards for development of the intersection ptiedicnodels in the first edition of the HSM,

the goal of this research wasdevelop crash prediction models with a minimum of 200 site-
years of data, and preferably 450 site-years of data or more.

Traffic Volumes and Site Characteristics

Table 57 summarizes the numbefigé-leg intersections with spect to lighting and red light
camera presence, as well as selected operhtibagacteristics by approach. Traffic volume and
crash data were available for the years 2009 through 2013. Table 58 shows the summary
statistics for traffic volumes at all 76 study sitesed for model development, including the study
period (date range), number of sites and site-years, amtbeffic volume statistics by state.

Table 57. Number of intersections with attributes present by approach

. ) Number of Approaches with Attribute Present
Approach Attribute Variable Total
0 1 2 3 4 5
Two-way no turn restrictions 1 0 3 8 14 50 76
Two-way no left-turn 62 8 5 0 0 1 76
One-way approaching 73 3 0 0 0 0 76
One-way receiving 61 12 3 0 0 0 76
Left-turn protected only 14 40 7 11 3 1 76
Left-turn permitted only 15 17 14 8 22 0 76
Left-turn protected and permitted 40 14 12 4 6 0 76
No turn on red 14 8 12 12 14 16 76
Presence of left-turn lane 14 11 24 8 15 4 76
Presence of right-turn lane 43 24 8 1 0 0 76
Intersection Attribute Variable Present Not Present Total
Intersection lighting 71 5 76
Red light camera 0 76 76
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Table 58. Major-, minor-, and fifth-road AADT statis  tics at urban, five-leg signalized intersections
Number Major Road AADT (veh/day) Minor Road AADT (veh/day) Fifth-Road AADT (veh/day)
State Date Number of Site-
Range | of Sites Years Min Max Mean Median Min Max Mean Median Min Max Mean Median
OH 22%0193' 39 195 3,020 23,506 13,596 13,470 454 17,445 6,405 4,298 251 16,448 3,854 1,925
ma | 0% | 13 65 5425 | 28208 | 13,576 | 13679 | 2782 | 14489 | 6,608 | 6,704 | 2479 | 15421 | 6,252 | 3,325
IL 22%01%' 13 65 6,270 25,525 18,904 18,700 800 21,865 10,916 10,400 2,210 24,340 9,542 8,140
MN 22%01%' 11 55 7,270 | 29,630 | 15503 | 15330 | 2,190 | 10650 | 5358 | 4,870 247 | 11,493 | 5412 | 5230
Al 2009- 76 380 3,020 29,630 14,776 14,276 454 21,865 7,060 6,162 247 24,340 5,463 3,319
states 2013
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Crash Counts

All 76 intersections experienced crashes dutivegstudy period. The average number of single-
and MV crashes per intersection over the 5-year study perio@wasrashes, and the average
number of nonmotorized (i.e., vehicle-pedestpars vehicle-bicyclegrashes per intersection
over the 5-year study period was 2.3 crashesidettion crashes were defined as those crashes
that occurred within 250 ft of the intersection and were classified as at intersection or
intersection-related, consistent with recommehpiectice in the HSM for assigning crashes to
an intersection.

Table 59 shows all crashes conddnsingle- and MV crashes, and pedestrian and bicycle crash

counts by crash severity and time of day for eaate siver the entire 5-year study period. Crash
counts are aggregated by cobhisitype and manner of collision across all states in Table 60.
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Table 59. All crashes combined, single- and MV, and pedestrian and bicycle crash counts by crash severity—urban, five-leg signa

lized intersections

' ; . : Pedestrian Bicycle
State RDa?]tgee r(\)jfursr}tbee; ';‘;‘gi?s_r Opg:y All Crashes Combined SV Crashes Multiple-Vehicle Crashes Crashes Craghes
Years Total FI PDO Total FI PDO Total FI PDO FI FI

OH 2009- 39 195 All 1,434 428 1,006 37 10 27| 1,351 372 979 27 19
2013 Night 322 109 213 15 4 11 294 92 202 8 5
MA 2009- 13 65 All 327 99 228 21 5 16 278 66 212 15 13
2013 Night 88 30 58 7 4 3 72 17 55 7 2
IL 2009- 13 65 All 867 265 602 33 11 22 745 165 580 42 47
2013 Night 222 71 151 11 7 4 190 43 147 12 9
MN 2009- 11 55 AII 222 61 161 11 3 8 197 44 153 5 9
2013 Night 50 13 37 6 1 5 40 8 32 0 4
All 2009- 76 380 All 2,850 853 1,997 102 29 73 | 2,571 647 1,924 89 88
states 2013 Night 682 223 459 39 16 23 596 160 436 27 20
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Table 60. Crash counts by collision type and manner of collision and crash severity

at urban, five-leg signalized intersections

Collision Type | Total | Fl PDO
Single-Vehicle Crashes
Collision with parked vehicle 4 0 4
Collision with animal 0 0 0
Collision with fixed object 24 9 15
Collision with other object 2 0 2
Other SV collision 70 18 52
Noncollision 2 2 0
All SV crashes ? 102 29 73
Multiple-Vehicle Crashes
Rear-end collision 1,104 275 829
Head-on collision 88 42 46
Angle collision 665 208 457
Sideswipe collision 357 32 325
Other multiple-vehicle collisions 357 90 267
Total MV crashes ? 2,571 647 1,924
Total Crashes 2 2,673 676 1,997

2 Note crash counts do not include pedestrian and bicycle crashes

6.3 Safety Performance Functions—Model Development

Intersection SPFs were developed in the forms illustrated by Equations 50 through 52:

Omavas ATLE=XIN k##&60r xIn(##8&6)+ @In k##&G0g

Omavas ATLE=XIN k##8&Bv0r AN kK## &6 45000
anaoéf ATE+ BXIn(##&@de’ﬁ

Where:

Nspf int

AADTmaj
AADTmin
AAD Tt
AAD T Tmin+it =
AAD Ttotal =
a,b,c,d eandf =

(Eqg. 50)
(Eqg. 51)
(Eq. 52)

predicted average crash fregog for an intersection with base

conditions (crashes/year)

AADT on the major road (veh/day)
AADT on the minor road (veh/day)

AADT on the fifth leg (veh/day)

sum ofAADTmin and AADTi (veh/day)
sum of AADkaj, AADTmin, and AADT: (veh/day)

estimated regression coefficients

For five-leg signalized interseotis on urban and suburban artexjighe SPFs were developed in
a manner consistent with the methodology used in Chapter 12 of the HSM for predicting
intersections crashes in urban and suburbaasai his methodology iBustrated in Equation 4

and Equation 5.

Oaagxuenax K&d Ozgxt 05 upeku%
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065 Oxavua¥ K%/{x %/Ex...x %/(yo (Eq. 5)
Where:

Npredicted int = predicted average crash frequefayan individual intersection for

the selected yedcrashes/year)

Nbi = predicted average crash frequen€an intersection (excluding

vehicle-pedestrian and vehicle-bicycle crashes) (crashes/year)

Npedi = predicted average crash frequentyehicle-pedesian crashes of

an intersection (crashes/year)

Nbikei = predicted average crash frequentyehicle-bicycle crashes of an

intersection (crashes/year)

Nspf int = predicted total average crasbquency of intersection-related
crashes for base conditions (xting vehicle-pedestrian and
vehicle-bicycle collisions) (crashes/year)

CMFi...CMRi = crash modification factorgpecific to intersection typeand specific
geometric design and traffic control featuyes

Ci = calibration factor to adjushe SPF for intersection type&o local conditions

The SPF portion of 8N Nsptiny is the sum of two more disaggede predictions by collision type,
as shown in Equation 6.

Oxza0uat Osuat Opume (Eq.6)
Where:
Noimy = predicted average crash frequencydf crashes of an intersection for
base condition&rashes/year)
Noisv = predicted average crash frequencypufcrashes of an intersection for

base condition&rashes/year)
Separate model structures are used to edithatyearly number of vehicle-pedestriBie§)
and vehicle-bicycleNbike) crashes at five-leg signalizedersections on urban and suburban

arterials. The average number of annual vehicle-pedestréhvedicle-bicycle crashes are
estimated with Equatiorand 12, respectively.

Oagx® 0% Bgxu (Eq.9)

Where:

fredi= pedestrian crash adjustméadttor for intersection typie
Osupp 0o Burgu (Eq.12)
Where:

foikei= bicycle crash adjustmerddtor for intersection typie
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All of the vehicle-pedestriama vehicle-bicycle crashes preid with Equations 9 and 12 are
assumed to be FI crashes (none as PDO).

All SPFs were developed using a NB regressimalel based on all sgeeombined. Based on a
review of the number dftates, sites, site-yeaend crashes for the database assembled, data for
all sites were used for model development to maximize the sample size rather than using a
portion of the data for modekvelopment and a portion foroehel validation. A significance

level of 0.2 was used to ass#éiss individual, estimated reggion parameters. During model
development, several intersecticimracteristics were initially $&ed in the models to develop
CMFs for use with the SPFs. However, the irdetion characteristics showed no consistent or
statistically significant relatiomsps to expected crash frequoy. Therefore, no CMFs for use

with the SPFs were developed. Additionallyistiwg CMFs for other intersection forms (e.g.,
four-leg signalized intersections) were not adapted to five-leg signalized intersections due to the
different operational charactstics inherent to a five-leigtersection. Therefore, AADT-only
models were developed with no base conditiongive-leg intersections with signal control on
urban and suburban arterials. STATA 13 was used for all modeling.

The final SPFs for five-leg intersections witlyrsal control on urbanna suburban arterials are
provided in the following tables:

Table 61: MV total, FI, and PDO crashes using Equation 50
Table 62: MV total, FI, and PDO crashes using Equation 51
Table 63: MV total, FI, and PDO crashes using Equation 52
Table 64: SV total, FI, and PDO crashes using Equation 50
Table 65: SV total, FI, and PDO crashes using Equation 51
Table 66: SV total, FI, and PDO crashes using Equation 52

ah dh b b dh

Each table shows the estimated model coefficiantsoverdispersion parameter (estimate), their
standard errors, and associated p-valuesigoificance level) foeach severity level.

Figures 49-54 graphically predghe SPFs shown in Tables 66&-for various major-, minor-,

and fifth-approach AADTSs.

SPFs for vehicle-pedestrian avehicle-bicycle crashes at five-leg intersections with signal
control on urban and suburban arterials cowtlbe developed as pedestrian and bicycle
volumes were not available.
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Table 61. SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-MV crashes
(AADTSs separate for major- , minor-, and fifth-roads)

Crash Severity Parameter Estimate Steér:%arrd Pr>F Significance Level
MULTIPLE-VEHICLE CRASHES
Intercept -11.23 1.81 -- --
IN(AADT na)) 0.87 0.21 0.00 Significant at 99% level
Total Crashes IN(AADT min) 0.36 0.10 0.00 Significant at 99% level
IN(AADT) 0.19 0.08 0.02 Significant at 95% level
Overdispersion 0.46 0.08 -- --
Intercept -15.00 2.64 -- --
IN(AADT na)) 1.30 0.30 0.00 Significant at 99% level
FI Crashes IN(AADT min) 0.27 0.13 0.04 Significant at 95% level
IN(AADT) 0.08 0.10 0.44 Not significant
Overdispersion 0.64 0.13 -- --
Intercept -10.92 1.83 -- --
IN(AADT na)) 0.75 0.21 0.00 Significant at 99% level
PDO Crashes IN(AADT win) 0.39 0.10 0.00 Significant at 99% level
IN(AADTj) 0.23 0.09 0.01 Significant at 99% level
Overdispersion 0.48 0.09 -- --

No base conditions

Table 62. SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-MV crashes
(AADTs combined for minor- and fifth-roads)

Crash Severity Parameter Estimate Stgr:rc:)arrd Pr>F Significance Level
MULTIPLE-VEHICLE CRASHES
Intercept -11.42 1.82 -- -
IN(AADT may) 0.85 0.22 0.00 Significant at 99% level
Total Crashes IN(AADT winsir) 0.55 0.13 0.00 Significant at 99% level
Overdispersion 0.47 0.08 -- --
Intercept -15.22 2.63 -- --
FI Crashes IN(AADT a)) 1.24 0.31 0.00 Significant at 99% level
IN(AADT min+ir) 0.40 0.17 0.02 Significant at 95% level
Overdispersion 0.63 0.13 -- --
Intercept -11.07 1.85 -- -
IN(AADT na)) 0.73 0.22 0.00 Significant at 99% level
PDO Crashes IN(AADT ipert) 0.60 0.14 0.00 Significant at 99% level
Overdispersion 0.50 0.09 -- --

No base conditions

Table 63. SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-MV crashes

(AADTs combined for major-, minor-, and fifth-roads)

Crash Severity Parameter Estimate Stgrr]'%a;rd Pr>F Significance Level
MULTIPLE-VEHICLE CRASHES
Intercept -12.83 1.82 - --
Total Crashes IN(AADT o1al) 1.44 0.18 0.00 Significant at 99% level
Overdispersion 0.47 0.08 -—- --
Intercept -14.96 2.57 - --
FI Crashes IN(AADT o1a1) 151 0.25 0.00 Significant at 99% level
Overdispersion 0.65 0.13 -- --
Intercept -12.87 1.84 -= --
PDO Crashes IN(AADT ota1) 1.41 0.18 0.00 Significant at 99% level
Overdispersion 0.49 0.09 -- --
No base conditions
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SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-SV crashes
(AADTSs separate for major- , minor-, and fifth-roads)

Crash Severity Parameter Estimate Stgr:rdos?rd Pr>F Significance Level
SV CRASHES
Intercept -11.23 3.08 -- --
IN(AADT na)) 0.70 0.35 0.05 Significant at 95% level
Total Crashes IN(AADT i) 0.09 0.15 0.54 Not significant
In(AADTy) 0.28 0.14 0.05 Significant at 95% level
Overdispersion 0.36 0.21 -- --
Intercept -15.54 4.89 0.00 --
IN(AADT 1na)) 0.54 0.59 0.36 Not significant
FI Crashes IN(AADT i) 0.62 0.30 0.04 Significant at 95% level
IN(AADT) 0.28 0.23 0.21 Not significant
Overdispersion 0.19 0.39 -- --
Intercept -10.13 3.27 0.00 --
IN(AADT 1)) 0.68 0.37 0.07 Significant at 90% level
PDO Crashes IN(AADT min) -0.09 0.15 0.54 Not significant
In(AADT ) 0.32 0.15 0.04 Significant at 95% level
Overdispersion 0.19 0.22 -- --

No base conditions

Table 65.

SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-SV crashes
(AADTs combined for minor- and fifth-roads)

Crash Severity Parameter Estimate Stg:]:joa;rd Pr>F Significance Level
SV CRASHES

Intercept -12.01 3.06 -- --

IN(AADT na)) 0.56 0.36 0.12 Significant at 85% level

Total Crashes IN(AADT pin.i) 0.56 0.23 0.01 Significant at 99% level
Overdispersion 0.34 0.21 - -
Intercept -17.13 4.95 0.00 --

FI Crashes IN(AADT n4)) 0.21 0.60 0.73 Not significant

IN(AADT win+ir) 1.32 0.45 0.00 Significant at 99% level
Overdispersion 0.14 0.35 -- --
Intercept -11.14 3.40 -- --

IN(AADT 1)) 0.65 0.40 0.11 Significant at 85% level

PDO Crashes IN(AADT i) 0.34 0.24 0.15 Significant at 85% level
Overdispersion 0.28 0.24 -- --

No base conditions

Table 66.

SPF coefficients for five-leg intersections with signal control on urban and
suburban arterials-SV crashes
(AADTs combined for major-, minor-, and fifth-roads)

Crash Severity Parameter Estimate St;?i?rd Pr>F Significance Level
SV CRASHES

Intercept -13.94 3.10 -- --

Total Crashes IN(AADT ota1) 1.23 0.30 0.00 Significant at 99% level
Overdispersion 0.34 0.20 -- --
Intercept -20.72 5.20 -- --

FI Crashes IN(AADT o1a1) 1.76 0.50 0.00 Significant at 99% level
Overdispersion 0.15 0.36 -- --
Intercept -12.25 3.36 -- --

PDO Crashes IN(AADT ota1) 1.03 0.33 0.00 Significant at 99% level
Overdispersion 0.27 0.23 -- --

No base conditions
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Figure 49. Graphical representation of the SPF for MV total crashes at five-leg
intersections with signal control on urban and suburban arterials (based on model for
MV total crashes in Table 61)

Figure 50. Graphical representation of the SPF for MV FI crashes at five-leg
intersections with signal control on urban and suburban arterials (model for multiple-
vehicle Fl crashes in Table 62)
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Figure 51. Graphical representation of the SPF for MV PDO crashes at five-leg
intersections with signal control on urban and suburban arterials (based on model for
MV PDO crashes in Table 61)

Figure 52. Graphical representation of the SPF for SV total crashes at five-leg
intersections with signal control on urban and suburban arterials (based on model for
SV total crashes in Table 66)
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Figure 53. Graphical representation of the SPF for SV FI crashes at five-leg
intersections with signal control on urban and suburban arterials (based on model
for SV Fl crashes in Table 66)

Figure 54. Graphical representation of the SPF for SV PDO crashes at five-leg
intersections with signal control on urban and suburban arterials (based on model for
SV PDO crashes in Table 66)

Tables 67 (MV crashes) and 68 (SV crashesyipge percentages to break down Fl and PDO

crash frequencies into collision types for five-latgrsections with signal control on urban and
suburban arterials. These percentages were calculated based on all multiple- and SV crash counts
at all intersections in all statesmbined. Tables 69 and 70 provitie distribution of pedestrian
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and bicycle crashes, respectively, for fivedleigrsections with signal control on urban and

suburban arterials.

Table 67. Distribution of MV crashes
signal control on urban and suburban arterials

for five-leg intersections with

Manner of Collision

Percentage of Multiple-Vehicle Crashes

Five-Leg Signalized Intersections (5SG)

Fl PDO
Rear-end collision 42.5 43.1
Head-on collision 6.5 2.4
Angle collision 32.1 23.8
Sideswipe collision 4.9 16.9
Other MV collisions 13.9 13.9
Total MV crashes 100.0 100.0
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Table 68. Distribution of SV crashes for five-leg intersections with
signal control on urban and suburban arterials

Percentage of SV Crashes
Manner of Collision Five-Leg Signalized Intersections (5SG)

FI PDO
Collision with parked vehicle 0.0 5.5
Collision with animal 0.0 0.0
Collision with fixed object 31.0 20.5
Collision with other object 0.0 2.7
Other SV collision 62.1 71.2
Noncollision 6.9 0.0
Total SV crashes 100.0 100.0

Table 69. Distribution of pedestrian crash counts and percentage for five-leg
intersections with signal control on urban and suburban arterials

Number Number of Number of Percentage of
Intersection Type of Sites Pedestrian Total Pedestrian
Crashes Crashes Crashes
Five-leg Signalized
Intersections (5SG) 76 89 2850 3.1

Table 70. Distribution of bicycle crash counts and percentage for five-leg
intersections with signal control on urban and suburban arterials

Number Number of Number of Percentage of

A Bicycle Total -
of Sites Crashes Crashes Bicycle Crashes

Intersection Type

Five-leg Signalized

Intersections (5SG) 76 88 2850 3.1

Following the development of the crash predictioodels for five-leg intersections with signal
control on urban and suburban arterials, thearebeteam conducted contiimlity testing of the

new models to confirm that the new modelsvide reasonable resultser a broad range of

input conditions and that the new models ind¢giseamlessly with exisg intersection crash
prediction models in the first edition of the MSThe graphical representations of the crash
prediction models in Figures 49-54 provide s@eerse of the reasonableness of the new models
for five-leg intersections with signal control orban and suburban arterials. Nothing from these
figures suggests that the modptsvide unreasonable results. In addition, several of the crash
prediction models for five-leg intersections with signal control on urban and suburban arterials
were compared to models for four-leg intersections with signal damtrerban and suburban
arterials in Chapter 12 of the HSM.

Figure 55 illustrates a comparison of the predicted averagefoegstiency for MV total crashes
based on the five-leg intersamti with signal control on urbamd suburban arterials model in

Table 61 to the correspondingeplicted average crash frequgiased on the 4SG model in

Chapter 12 of the HSM. The dashed lines afthure represent the predicted average crash
frequency for the 5SG model, and the solid lirggesent the predicted average crash frequency
for the 4SG model in the HSM. For the comparisons, the traffic volumes used for the minor road
and fifth-road in the 5SG model were combimed used for the traffic volume of the minor

road for the 4SG model. As Figure 55 illustet®r very low minor- and fifth-road volumes,

fewer MV crashes are predicted for five-leg signalized intersections compared to four-leg
signalized intersections. This seems reasonaliteeasght of way is more clearly defined for
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vehicles traveling through five-lagtersections due to the need for more signal phases. Then, as
the minor- and fifth-road volumes increase fhredicted crashes for five-leg signalized
intersections exceed the predattrashes for four-leg signadid intersections. This seems
reasonable as the signal phasamgl operations for five-leg imgections with increasing minor-

and fifth-road volumes would become more and more complex and would likely lead to more
potential conflicts and a higher teatial for crashes than similaolumes as four-leg signalized
intersections.

In summary, the models for five-leg intersens with signal control on urban and suburban
arterials appear to provide reasonable reswies a broad range of input conditions and can be

integrated seamlessly with existing intersecti@shrprediction models ihe first edition of the
HSM.

Figure 55. Comparison of new crash prediction model to existing model in HSM: 5SG for
MV crashes for urban and suburban arterials vs 4SG for multiple-vehicle
crashes from HSM Chapter 12 (total crashes)

6.4 Crash Modification Factors

During the development of the crash prédic models for urbafive-leg signalized
intersections, three pential sources of CMFs for ugeth the SPFs were considered:
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€ CMFs developed as part of this resedvaled on a cross-sectional study design and
regression modeling;

€ CMFs already incorporated into the firsttegh of the HSM and applicable to urban five-
leg signalized intersections; and

€ High-quality CMFs applicable urban five-leg signalizeiitersections developed using
defensible study designs (e.g., ebstional before-after evadtion studies using SPFs —
the EB method), as referenced in FHWAEBIF Clearinghouse witfour or five-star
guality ratings or based on a review of relevantrggetion safety literature.

Based on the regression modeling as part of this research, no geometric features or traffic control
devices were identified for CMF development. Also, based on a review of the CMFs already
incorporated in the first edition of the HSM and other potential high-quality CMFs developed
using defensible study designs, no CMFs weeatified as applicable to urban five-leg

signalized intersections and were considered fbitgnt quality for use with the urban five-leg
signalized intersection SPFs. Therefore, the SPHs/Bateg intersections ith signal control on

urban and suburban arterials were develope®Ad3T only models withno base conditions, and

no CMFs are recommended for use wita SPFs provided in Section 6.4.

6.5 Severity Distribution Functions

Development of SDFs was expéal for five-leg intersectionsith signal control on urban and
suburban arterials using methods outlined in Section 2.2.3 of this report. SDFs were not used in
the development of crash prediction methods in the first edition of the HSM but were
subsequently used in the Supplement td+B# for freeways and ramps (AASHTO, 2014). The
database used to explore SDFs for fivetiggrsections with signal control on urban and

suburban arterials consisted of the same crashes and intersections as the database used to
estimate the SPFs for five-leg intersections witinal control on urbaand suburban arterials,

but restructured so that thedimobservation unit (i.e., databas&) is a crash instead of an
intersection. No traffic or geostric variables showecbnsistent and siatically significant

effects in the SDFs for five-leg intersectionghagignal control on urbaand suburban arterials.

6.6 Summary of Recommended Models for Incorporation in the HSM

In summary, several crash prettbn models were developed for five-leg intersections with
signal control on urban and subunketerials for consideratian the second edition of the
HSM, including models where:

€ The fifth-road AADT was included separately a predictor variable in the models

€ The minor road and fifth-road AADTs were coiméd together as agulictor variable in
the models

€ The major road, minor road, and fifth-road AADTs were summed together as a predictor
variable in the models

154

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

The final models recommended for inclusinrihe second edition of the HSM include:

The model for MV totatrashes in Table 61
The model for MV FI crashes in Table 62
The model for MV PDO crashes inTable 61
The model for SV totatrashes in Table 66
The model for SV FI crashes in Table 66
The model for SV PDO crashes in Table 66

a dh dh dh dh

Attempts to develop SDFs for five-leg interSens with signal control on urban and suburban
arterials proved unsuccessful for the reagxmained in Section 4.6. Therefore, it is
recommended for the second edition of the HSM ¢hagh severity for five-leg intersections be
addressed in a manner consistent with existieghods in Chapter 12 of the HSM, without use
of SDFs.

Appendix A presents recommended text faoirmporating the final recommended models for
five-leg intersections with sighaontrol on urban and suburban adés into Chapter 12 of the
HSM.
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Chapter 7.

Development of Models for Use in HSM Crash Prediction
Methods: Three-Leg Intersections Where the Through
Movements Make Turning Maneu vers at the Intersections

This section describes the development offcpaediction models for three-leg intersections,
where the through movement makes a turning maneuver at theatiens and presents the final
models recommended for incorporation in theosel edition of the HSM. Three-leg turning
intersections (3STT) are implementeduwth rural and urban areas; and due to the
characteristics of this intersection type, they @most always located on two-lane undivided
roadways. Stop control can be used on only thntoad approach, orsa on one of the major
road approaches with a “Stop Except Right Twign. These two corfurations are shown in
Figure 56.

Figure 56. Three-leg turning intersection traffic control configurations

Section 7.1 describes the site selectiondatd collection processes for developing crash
prediction models for three-leg turning intersectiddsction 7.2 provides degative statistics of
the databases used for model developmentidBeti3 presents the statistical analysis and
resulting SPFs for three-leg turning intersaesi. Section 7.4 discusses the CMFs recommended
for use with the SPFs. Section 7.5 addressdssSar three-leg turning intersections, and

Section 7.6 provides recommendations for inoosing the new crash prediction models for
three-leg turning intersectionstine second edition of the HSM.

7.1 Site Selection and Data Collection

A list of potential three-legtersections, where the through movement makes a turning
maneuver at the intersection, was developed bylsiegy databases and satellite imagery in three
states:

€ Kentucky (KY)
€ Ohio (OH)
€ Pennsylvania (PA)
Each intersection in the list wastially screenedising Google Earfhto determine if the site

was suitable for inclusion in model developme&everal reasons a site could be deemed
inappropriate for use in model development were:
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€ The traffic control at the intersection wa@mething other than stop control or stop
except right turn

The number of intersection legs was not three

€

€ A private driveway was located at the intersection

€ One or more of the approaches to thergection was a private/commercial access
€

One or more of the interseati legs was a one-way street

Each intersection that was initially deemed appiate for inclusion in model development was
given a unique identification co@ad included in a refined database for detailed data collection.

Three types of data were colledtfor each intersection duringtdided data collection: site
characteristic, crash, andffia volume data. Google Eaftlwas used to collect detailed site
characteristics of the intersections. To redouential errors duringata collection and to
streamline data entry, a data cotlen tool was created using VeluBasic for Applications, very
similar to the tool shown in Figure 4. The datdlection tool was suited to only collect data
relevant to three-leg intersections where tlieugh movements make turning maneuvers at the
intersections. Table 71 lists all of the intersaetattributes collected (and respective definitions
and permitted values) for three-leg intersections using the data collection tool. Once all necessary
data were entered into thetdaollection tool and savedrfa given intersection, the data
collection tool was used to valigathe inputs for that particulartersection, consient with the
range and/or permitted values for the respective variables/parameters.

Table 71. Site characteristic variables collected for three-leg intersections where the
through movements make turning maneuvers at the intersections

Variable | Definition | Range or Permitted Values
General Intersection Attributes
Indicates whether the intersection is in a rural

Area type (urban/rural) Rural, urban
or urban area
Presence of intersection lighting _Indlcate; if overhead lighting is present at the Yes, no
intersection proper
. Indicates if overhead flashing beacons are
Presence of flashing beacons Yes, no

present at the intersection proper
The horizontal curve length of the through
movement at the intersection
The horizontal curve radius of the through
movement at the intersection

Specific Approach Attributes
Specify the route name or number of the

Curve length Range: 40 to 383 ft

Curve radius Range: 25 to 438 ft

Route name or number

approach
) The type of traffic control used on the Uncontrolled, stop, stop except right
Traffic control approach turn, other

This includes dedicated through lanes and any
lanes with shared movements. On the minor
Number of through lanes approach of a 3-leg intersection, if there is only 0,123
one lane, then it should be classified as a
through lane

The number of lanes in which only a left-turn

Presence/number of left-turn lanes 0,1,2
movement can be made
o Type of left-turn channelization used on the Raised or depressed island, painted,
Left-turn channelization . )
intersection approach none
Presence/number of right-turn lanes The number of lanes in which only a right-turn 01,2

movement can be made

157

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

Table 71. Site characteristic variables collected for three-leg intersections where the
through movements make turning maneuvers at the intersections (Continued)

Variable Definition Range or Permitted Values
Type of right-turn channelization used on the Raised or depressed island, painted,
intersection approach none

Indicates the presence of transverse rumble
strips on the intersection approach
Indicates the presence of supplementary
pavement markings on the intersection Yes, no, unknown
approach

Indicates the presence of stop ahead warning
signs on the intersection approach

Indicates the presence of advance warning
flashers on the intersection approach

Posted speed limit on the intersection 15, 20, 25, 30, 35, 40, 45, 50, 55,
approach unknown

Indicates the presence of a crosswalk
perpendicular to the intersection approach
Indicates the presence of a marked bike lane
parallel to the intersection approach
Indicates the presence of a railroad crossing
Presence of railroad crossing on the intersection approach within 250 ft of Yes, no, unknown
the intersection

Heading of the approach in the direction
towards the intersection

Right-turn channelization

Presence of transverse rumble strips Yes, no, unknown

Presence/type of supplementary
pavement markings

Presence of stop ahead warning signs Yes, no, unknown

Presence of advance warning flashers Yes, no, unknown

Posted speed limit

Presence of crosswalk Yes, no, unknown

Presence of bike lane Yes, no, unknown

Approach heading 0 to 359.99 degrees

During detailed data collection, to the extentgiole, the research team reviewed historical
aerial images to determine if a site had recently been reconstructed or improved to determine
which years of data should bhsed in model development.

Crash and traffic volume data were obtained from the Kentucky Transportation Cabinet, the
Ohio DOT, and the Pennsylvania DOT. The goal was to obtain the most recent four to six years
of crash and traffic volume data for each sitenfmdel development. All of the data (i.e., site
characteristics, crash, and traffic volume) wassembled into one database for the purposes of
model development.

7.2 Descriptive Statistics of Database

Data for 242 sites—195 rural and 47 urban thregareersections—were iinally available for
development of crash prediction models for three-leg turning intersections. The data collection
sites were located in three states—Kentucky, Ohio, and Pennsylvania. To remain consistent with
the standards for development of the interseqiredictive models in the first edition of the

HSM, the goal of this research was to depetrash prediction models with a minimum of

200 site-years of data, and preferah0 site-years of data or more.

Traffic Volumes and Site Characteristics

Of the intersection characteristics collected in Google Efsibe Table 71), many showed no or
very little variability across sites within a cgtey (i.e., most intersections were predominantly
of one type for a specific viable) and were thus excludédm modeling. The remaining
variables (percent of “Yes” by area type indicaite parentheses) of potential interest in
modeling were:

€ Presence of intersection lighgirfrural: 16%; urban: 51%)
€ Presence of stop ahead warnirgnsi (rural: 45%; urban: 36%)
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Curve length and radius were also of potential interest for model development. The use of some
of these site characteristics is discualslsger in the SPF model development section
(Section 7.3).

As explained in more detail in Section 7.3, a decision was made to use only unlighted
intersections in rural areas anske both unlighted and lightéatersections in urban areas.
Therefore, the summary statistics throughbig section are based on the 164 unlighted
intersections in rural areasdithe 47 unlighted and lightedénsections in urban areas.

Traffic volume and crash data were available for varying pebatisvere typically collected
over a five- to ten-year pexd. Table 72 shows the breakdowratifsites by area type. Study

period (date range), number of siend site-years, attdsic traffic volume statistics are shown
by state in each category and asrall states within a category.
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Table 72. Major- and minor road AADT and total entering volu

movements make turning maneuvers at the intersections

me statistics for three-leg intersections where the through

Major Road AADT (veh/da;

)

Minor Road AADT (veh/da)

)

Total Entering Volume (veh/day)

State Rzitgee lc\)lfursr::)eesr gﬁ:gi;?; Min Max Mean Median Min Max Mean Median Min Max Mean Median

RURAL?

KY 2014-2018 41 205 46.0 7,663.0 890.6 391.0 50.0 1,362.0 161.2 92.0 71.0 8,344.0 971.2 508.5

OH 2008-2017 56 560 90.0 5,700.0 1,377.5 1,090.0 45.0 4,020.0 424.6 280.0 112.5 7,710.0 1,589.8 1,326.0

PA 2013-2017 67 335 95.5 2,727.0 636.8 402.0 16.0 2,797.0 390.6 273.0 118.0 3,042.0 832.1 539.0

All states | 2008-2018 164 1100 46.0 7,663.0 1,061.2 680.1 16.0 4,020.0 365.1 255.0 71.0 8,344.0 1,243.8 873.6
URBAN

KY 2014-2018 19 95 642.0 17,688.0 | 4,587.8 2,610.0 50.0 4,181.0 506.7 129.0 673.0 17,752.5 | 4,841.2 2,663.5

OH 2008-2017 7 70 492.0 6,840.0 2,616.5 2,020.0 226.0 3,503.0 1,042.1 535.0 615.0 8,591.5 3,137.6 2,389.5

PA 2013-2017 21 105 795.0 11,4315 | 4,120.8 3,468.5 93.0 5,787.0 2,535.3 2,281.0 1,086.0 | 14,325.0 | 5,388.5 4,671.0

All states | 2008-2018 47 270 492.0 17,688.0 | 3,895.1 2,976.0 50. 0 5,787.0 1,434.4 636.0 615.0 17,752.5 | 4,612.3 3,151.5

@  Unlighted intersections only
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Crash Counts

Intersection crashes were defiresithose crashes that occurrethin 250 ft of the intersection
and were classified as “at intersection” densection-related, consistent with recommended
practice in the HSM for assignimgashes to an intersection.

Of the 211 intersections used in model depeient, 87 intersections (41.2%) experienced no
crashes over the entire study period.

Tables 73 (rural intersections) and 74 (urbarrggetions) show total, FI, and PDO crash counts
by crash severity for each state over the estirdy period. Counts are also shown for nighttime
crashes only.

Table 73. Crash counts by crash severity fo  r unlighted rural three- leg intersections where
the through movements make turning maneuvers at the intersections

State Date Range Nurgfber Nurgfber Ti(:rfle All Crashes Combined SV Crashes @ Multgz—s\ézzicle
Sites Site-Years Day Total F PDO | Total | FI |PDO |Total |FI |PDO
All 29 5 24 18 4 14 11 1 10
KY 2014-2018 4 205 Night 16 3 13 14 3 11 2 0 2
All 301 116 | 185 | 214 | 82 | 132 87 | 34 | 53
OH 2008-2017 56 560 Night 147 54 93 129 | 48 81 18 6 12
All 34 10 24 30 8 22 4 2 2
PA 2013-2017 67 335 Night 20 4 16 18 4 14 2 0 2
All states 2008-2018 164 1100 NiAg"ht igg 16311 igz igi 2‘51 122 12022 367 iz

@ Total and FI SV crashes include pedestrian and bicycle crashes.
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Table 74. Crash counts by crash severity for urban three-leg intersections wh

maneuvers at the intersections

ere the through move ments make turning

s | vaerange | e | e | Tmeer | Gy | svewnws | MABGANe | PEly | ot
Sites Years Total | FI | PDO | Total |[FI |[PDO |Total | FI |[PDO Fl FI

All 49 5 44 15 4 | 11 34 1 33 0 0

KY 2014-2018 19 % Night 11 3 8 7 3 4 4 0 4 0 0
All 67 21 | 46 34 |11] 23 33 10 23 0 0

OH 2008-2017 ! 0 Night 17 4 13 15 4| 11 2 0 2 0 0
All 61 26 35 29 |11 18 32 15 17 2 0

PA 2013-2017 21 105 Night 32 13 19 19 8 11 13 5 8 2 0
D I I B e - o . 3 o e
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Crash counts are tallied by collision type and mawneollision across all states in Table 75 for
rural three-leg turning intersections and irblEa76 for urban threeggturning intersections.

Table 75. Crash counts by collision type and manner of collision and crash severity at unlighted rural three-
leg intersections where the through movements make turning maneuvers at the intersections

Collision Type | Total | FI | PDO
SINGLE-VEHICLE CRASHES
Collision with animal 26 0 26
Collision with bicycle 0 0 0
Collision with pedestrian 0 0 0
Overturned 14 9 5
Ran off road 208 80 128
Other SV crash 14 5 9
Total SV crashes 262 94 168
MULTIPLE-VEHICLE CRASHES

Angle collision 66 26 40
Head-on collision 10 5 5
Rear-end collision 8 2 6
Sideswipe collision 14 3 11
Other MV collision 4 1 3
Total MV crashes 102 37 65
Total crashes 364 131 233

Table 76. Crash counts by collision type and manner of collision and crash severity at urban three-leg
intersections where the through movements make turning maneuvers at the intersections

Collision Type | Total | FI | PDO
SINGLE-VEHICLE CRASHES
Collision with parked vehicle 0 0 0
Collision with animal 2 0 2
Collision with fixed object 62 18 44
Collision with other object 3 0 3
Collision with pedestrian 2 2 0
Collision with bicycle 0 0 0
Other SV crash 7 4 3
Noncollision 2 2 0
Total SV crashes 78 26 52
MULTIPLE-VEHICLE CRASHES

Angle collision 45 15 30
Head-on collision 8 3 5
Rear-end collision 16 3 13
Sideswipe collision 24 3 21
Other MV collision 6 2 4
Total MV crashes 99 26 73
Total crashes 177 52 125

7.3 Safety Performance Functions—Model Development
Intersection SPFs were developed in the forms illustrated by Equations 2, 53, and 54.

Owapas ATLE=XIn k##8&B 0 2xIn(##&6)0 (Eq. 2)

Oxzgag ATE+ @IN(6'9? (Eq.53)

6'8=05x CHH&Bw+ ## &S+ ##&Hy L (Eq. 54)
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Where:
Nspf int = predicted average crash fregog for an intersection with base
conditions (crashesl/year)
AADTmaj = AADT on the major road (veh/day)
AADTmin = AADT on the minor road (veh/day)
AADTmaj1 = AADT on major roacgpproach 1 (veh/day)
AADTmaj2 = AADT on major roacdpproach 2 (veh/day)
TEV = total entering volume at intersectiueh/day)
a,b,c,andd = estimated regression coefficients

For consistency with Chapters 40d 12 in the HSM, an attempt was made to develop SPFs for
the following crash severity levels and collision types:

€ Rural three-leg turning intersections: tatedshes, including plestrian and bicycle
crashes (similar to Equatiod®-8 and 10-9 in the HSM)

€ Urban three-leg turning intersections: totl,and PDO crashes (excluding pedestrian
and bicycle crashes), separately for singled MV crashes (simitdo Equations 12-21
and 12-24 in the HSM)

For three-leg turning intersections on urban anzlgban arterials, the SPwere developed in a
manner consistent with the methodology uise@hapter 12 of th HSM for predicting
intersection crashes in urbamdasuburban areas. This methodolagilustrated in Equation 4
and Equation 5.

Oazagxuoax K@ F Ozgxt Osup@u % (Eq.4)
065 Oxaua¥ K%/{x %/E3...x %/Gyo (Eq. 5)

Where:

Npredicted int = predicted average crash frequefayan individual intersection for
the selected yedcrashes/year)

Nbi = predicted average crash frequen€an intersection (excluding
vehicle-pedestrian and vehicle-bicycle crashes) (crashes/year)

Npedi = predicted average crash frequentyehicle-pedesian crashes of
an intersection (crashes/year)

Nbikei = predicted average crash frequen€yehicle-bicycle crashes of an
intersection (crashes/year)

Nspf int = predicted total average craséquency of intersection-related
crashes for base conditions (Rxting vehicle-pedestrian and
vehicle-bicycle collisions) (crashes/year)

CMFii...CMFKi = crash modification factorgpecific to intersection typeand
specific geometric design and traffic control featyres

Ci = calibration factor to adjushe SPF for intersection typeo local conditions
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The SPF portion of N Nsptiny iS the sum of two more disaggede predictions by collision type,
as shown in Equation 6.

OauatT Osvuat Opuee (Eq.6)
Where:
Nbimv = predicted average crash frequencyidf crashes of an intersection for
base condition&rashes/year)
Nbisv = predicted average crash frequencg¥gfcrashes of an intersection for

base condition&rashes/year)

Separate model structures are used to estithatyearly number of vehicle-pedestritipe§)
and vehicle-bicycleNbike) crashes at three-leg turningersections on urban and suburban
arterials. The average number of annual vehicle-pedestrihwedicle-bicycle crashes are
estimated with Equatior3and 12, respectively.

Oszx® 00 Bgxu (Eq.9)
Where:

foedi= pedestrian crash adjustméadttor for intersection type
OsupmPod Bupgu (Eq.12)
Where:

foikei= bicycle crash adjustmerddtor for intersection type

All of the vehicle-pedestriama vehicle-bicycle crashes prewid with Equations 9 and 12 are
assumed to be FI crashes (none as PDO).

All SPFs were developed using a NB regressimlel based on all sgeeombined. Based on a
review of the number dftates, sites, site-yeaend crashes for the database assembled, data for
all sites were used for model development to maximize the sample size rather than using a
portion of the data for modekvelopment and a portion foroahel validation. A significance
level of 0.2 was used to ass#éiss individual, estimated reggion parameters. During model
development, several intersecticimracteristics were initially $&ed in the models to develop
CMFs for use with the SPFs. These charasties included traffic control configuration,
presence of intersection lighting, presencstop ahead warning signs, and curve length and
radius of the through movement at the intersection. Presence of saapwaairning signs and
traffic control configuration shogd no consistent or statisticalygnificant relationships to
expected crash frequency.

For both rural and urban three-leg turning liséetions, minor road AADT was not found to be
statistically significant. Thugptal entering volume was usedasexposure variable in the
models, which was estimated as half of the sfithe AADTSs for the three intersection legs.
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For the rural three-leg turningtarsection model, presenceinfersection lighting was found to
be the only intersection characteristic that was statistically significant. Since there was an
abundance of site-years, it was decided to exchldntersections withighting and derive a
model based only on unlighted intersections. TMF for presence of lighting in Chapter 10 of
the HSM then could be used to adjust for laghintersections (seesdussion in Section 7.4).

For the urban three-leg turning intersectioodels, presence of inteion lighting was not
found to be a statistically sigretant predictor of intersection ctees. However, horizontal curve
length and radius were found to $tatistically significant predictoiis the models for total, FlI,
and PDO severity levels for MV crashes. Gulength was also found be a statistically
significant predictor of SV crashes for total, &hd PDO severity level3he effect that curve
length and radius has on predicficrashes at urban three-leg tognintersections was converted
into CMFs, which are presented in Section 7.4.

The statistical software known as “R” was u$addeveloping models for SV and multi-vehicle
FI crashes at three-leg turning intersaas on urban and suburban arterials. $X8rsion 9 was
used for all other modeling.

The final SPF for three-leg turning intersectionsural areas is provided in Table 77, for total
severity using Equation 53. Tabl7 shows the estimated modetiients and overdispersion
parameter (estimate), their standard errard,associated p-values (and significance level).
Figure 57 graphically presents the SPF ibl&&/'7 for various major- and minor approach
AADTSs.

Table 77. SPF coefficients for three-leg turning intersections on rural two-lane roadways

Intersection Type Parameter Estimate Stzé?r(larrd Pr>F Significance Level

TOTAL CRASHES?

h ) Intercept -6.501 0.782 - --
[nree-Leg Tuming In(TEV) 0.703 0.099 <001 Significant at 99% level
ntersection : i
Overdispersion 0.24 0.11 -- --

2 Includes SV, MV, pedestrian, and bicycle crashes.
Base condition: absence of lighting.
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Figure 57. Graphical representation of the SPF for total crashes at three-leg turning
intersections on rural two-lane roadways (based on model for total crashes in Equation 53)

Similar to Tables 10-5 and 10-6 in the firstteoh of the HSM, Tables 78 and 79 provide
percentages for crash severity levels and fdisaan types and manner of collision, respectively,
for rural three-leg turning intersections. These percentages were calculated based on all crash

counts at all unlighted interggans in all states combined.

Table 78. Distributions for crash severity level at th ree-leg turning intersections on rural two-lane roadways

Crash Severity Level

Percentage of
Total Crashes

Fatal 0.3
Incapacitating injury 6.0
Non-incapacitating injury 17.3
Possible injury 12.4
Total fatal plus injury 36.0
Property-damage-only 64.0
Total 100.0

Copyright National Academy of Sciences. All rights reserved.
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Table 79. Distributions for collision type and manner of collision and crash severity at
three-leg turning intersections on rural two-lane roadways

- Percentage of Total Crashes by Collision Type
Collision Type Total | = | PDO
Single-Vehicle Crashes
Collision with animal 7.1 0.0 11.2
Collision with bicycle 0.0 0.0 0.0
Collision with pedestrian 0.0 0.0 0.0
Overturned 3.8 6.9 2.1
Ran off road 57.1 61.1 54.9
Other SV crash 3.9 3.8 3.9
Total SV crashes 71.9 71.8 72.1
Multiple-Vehicle Crashes
Angle collision 18.1 19.8 17.2
Head-on collision 2.8 3.8 2.1
Rear-end collision 2.2 1.5 2.6
Sideswipe collision 3.9 2.3 4.7
Other MV collision 11 0.8 1.3
Total MV crashes 28.1 28.2 27.9
Total crashes 100.0 100.0 100.0

Table 80 shows the coefficients and associstatistics of the final SPFs for urban three-leg
turning intersections. Usable models were dgyediofor multiple- and SV crashes separately for
total, FI and PDO severity levels. Figures@Bgraphically present the SPFs shown in Table 80
for various major- and minor approach AADTS.

SPFs for vehicle-pedestrian anehicle-bicycle crashes at three-leg turningisections on
urban and suburban arterials conttt be developed as pedestrard bicycle volumes were not
available.

Table 80. SPF coefficients for three-leg turning intersections on urban and suburban arterials

Crash Severity Parameter Estimate Steér;r%e:rd Pr>F Significance Level
Multiple-Vehicle Crashes

Intercept -8.49 1.95 -- --

Total Crashes In(TEV) 0.87 0.22 <.01 Significant at 99% level
Overdispersion 0.32 0.22 - -
Intercept -9.53 3.04 -- --

FlI Crashes In(TEV) 0.81 0.33 0.01 Significant at 99% level
Overdispersion 0.02 0.01 -- --
Intercept -8.12 2.05 -- --

PDO Crashes In(TEV) 0.79 0.23 <.01 Significant at 99% level
Overdispersion 0.14 0.22 -- --

Single-Vehicle Crashes @

Intercept -5.40 1.93 -- --

Total Crashes In(TEV) 0.46 0.23 0.05 Significant at 95% level
Overdispersion 0.50 0.29 -- --
Intercept -4.69 3.29 -- --

FlI Crashes In(TEV) 0.19 0.38 0.61 Not significant

Overdispersion 0.00 0.00 -- --
Intercept -6.68 2.21 -- --

PDO Crashes In(TEV) 0.57 0.26 0.03 Significant at 95% level
Overdispersion 0.61 0.44 -- --

2 (i.e., pedestrian and bicycle crashes are excluded). Base condition is 100-ft long curve with a radius of 84 ft for the through
route making a turning maneuver.
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Figure 58. Graphical representation of the SPF for total MV crashes
at three-leg turning intersections on urban and suburban arterials (based on model for
total crashes in Equation 53)

Figure 59. Graphical representation of the SPF for FI multiple-vehicle
crashes at three-leg tu rning intersections on urban and  suburban arterials (based on model
for total crashes in Equation 53)
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Figure 60. Graphical representation of the SPF for PDO multiple-vehicle
crashes at three-leg tu rning intersections on urban and s  uburban arterials (based on model for
total crashes in Equation 53)

Figure 61. Graphical representation of the SPF for total SV crashes at
three-leg turning intersections on urban and suburban arterials (based on model for
total crashes in Equation 53)
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Figure 62. Graphical representation of the SPF for FI SV crashes at
three-leg turning intersections on urban and suburban arterials (based on model for total
crashes in Equation 53)

Figure 63. Graphical representation of the SPF for PDO single-vehicle
crashes at three-leg tu rning intersections on urban and  suburban arterials (based on model
for total crashes in Equation 53)
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Table 81 (similar to Table 79 for rural intersens) provides percentages of total crashes by
collision type and severity level for urban thteg-turning intersections. These percentages were

calculated based on all crash cauat all interseatins—lighted and unlighted—in all states

combined.

Table 81. Distributions for collision type a
at three-leg turning intersections on urban and suburban arterials

For urban intersections, the predicted averagstcirequency excludes vehicle-pedestrian and
vehicle-bicycle crashes. To calculate a predietegtage crash frequency of an intersection that

nd manner of collision and crash severity

- Percentage of Total Crashes by Collision Type
Collision Type Total | = PDO
Single-Vehicle Crashes
Collision with parked vehicle 0.0 0.0 0.0
Collision with animal 1.1 0.0 1.6
Collision with fixed object 35.4 36.0 35.2
Collision with other object 1.7 0.0 2.4
Other SV collision 4.0 8.0 2.4
Noncollision 1.1 4.0 0.0
Total SV crashes 42.4 48.0 41.6
Multiple-Vehicle Crashes
Angle collision 25.7 30.0 24.0
Head-on collision 4.6 6.0 4.0
Rear-end collision 9.1 6.0 10.4
Sideswipe collision 13.7 6.0 16.8
Other MV collision 34 4.0 3.2
Total MV crashes 56.6 52.0 58.4
Total crashes 100.0 100.0 100.0

includes vehicle-pedestrian amnehicle-bicycle crashes, tipgedictive model is given by

Where:

Z_~(§e%sr&= O0X Kz .+ Z_ g+ Z2-....0

(Eq. 4)

Npredicted int = predicted average crash frequefayan individual intersection for the
selected year (crashes/year)

Nbi = predicted average crash frequeatgn intersection (excluding vehicle-
pedestrian and vehicle-bicycle crashes) (crashes/year)

Npedi = predicted average crash frequency of vehicle-pedestrian crashes of an
intersection (crashes/year)

Nbikei = predicted average crash frequentvehicle-bicycle crashes of an
intersection (crashes/year)

Ci = calibration factor to adgt the SPF for intersection typ# local

conditions
Similar to Table 12-16 in the HSM, Table 82 pd®/a pedestrian crash adjustment factor for

three-leg turning intersections on urban and sududrterials. The number of vehicle-pedestrian
crashes per year for a three-legntang intersection is estimated as:

Oszx® 0% Bgxu (Eq. 9)
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Where:

fpedi = pedestrian crash adjustméattor for intersection typie

Table 82. Pedestrian crash adjustment f actor for three-leg turning intersections
on urban and suburban arterials

Pedestrian Crash

Intersection Adjustment Factor
Type £
( Dedl)

Three-Leg Turning 0.011

Similar to Table 12-17 in the first edition thfe HSM, Table 83 provides a bicycle crash
adjustment factor for three-legrning intersetons on urban and suburban arterials. The number
of vehicle-bicycle crashes per year for eetitleg turning intersection is estimated as:

OsuppPod Burau (Eq.12)
Where:

foikei = bicycle crash adjustmefactor for intersection type

Table 83. Bicycle crash adjustment factor  for three-leg turning intersections on
urban and suburban arterials

Intersection Bicycle Crash
Tvoe Adjustment
yp Factor (f bikei)
Three-Leg Turning 0.000

Following the development of the crash predictioodels for three-leg turning intersections in
rural and urban areas, compattitesting of the new models waonducted to confirm that the
new models provide reasonablsuls over a broad range of inmanditions and that the new
models integrate seamlessly with existing intdisaarash prediction models in the first edition
of the HSM. The graphical representationshef crash prediction models in Figures 57-63
provide some sense of the reasoeness of the new models three-leg turning intersections.
Nothing from these figures suggie that the models provide easonable results. In addition,

the new models for three-leg turning intersectimese compared to the associated minor road
stop-controlled intersection SPFs in the HSMyure 64 illustrates a comparison of the predicted
average crash frequency for total crashesdasdhe rural 3STT model (Table 77) to the
predicted average crash frequency based on the 3ST model in Chapter 10 of the HSM. In the
figure, the dashed lines represent the prediatedage crash frequency for the 3STT model, and
the solid lines represent the predicted avecagsh frequency for the 3ST model in the HSM.
Similarly, Figures 65-68 illustrate a comparison of the predicted average crash frequency for MV
total crashes, MV FI crashes, SV total crasfad SV Fl crashes, respectively, based on the
3STT model for urban and suburban arterials (T&8B)eto the predictedverage crash frequency
based on the 3ST models in Chapter 12 oHB#. In all instances, as major road AADT
increases, the 3STT multi-vehicle SPFs predisefecrashes than the 3ST multi-vehicle SPFs in
the HSM. It seems reasonable to expect fewdti+vehicle crashes at 3STT intersections than
3ST intersections. Vehicle speedin uncontrolled approachestioé intersection must slow

down to navigate the horizontal curve. Tiges vehicles on stop-ntrolled approaches
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potentially more time to assess gaps once vehich the uncontrolled approach(es) are seen.
Also, slower speeds allow for longer reaction times to potentially avoid a collision at the
intersection.

The SV total SPF for 3STT intersections tends &mjat more crashes than the similar model for
3ST intersections from the HSM, especiallyr@gor approach volume increases. This may be
due to the fact that the major road curves aitrlkersection, which may potentially lead to more
crashes. The SV FI SPF for 3STT intersectiofisvioa similar trend to the 3ST SV FI model
from the HSM.

In summary, the models for three-leg turning iséetions appear to provide reasonable results
over a broad range of input conditions and camtagrated seamlessly with existing intersection
crash prediction models in the first edition of the HSM.

Figure 64. Comparison of new crash prediction model to existing model in
HSM: 3STT vs 3ST on rural two-lane roads (total crashes)
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Figure 65. Comparison of new crash prediction model to existing model
in HSM: 3STT vs 3ST on urban and suburban arterials (MV-total crashes)
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Figure 66. Comparison of new crash prediction model to existing model
in HSM: 3STT vs 3ST on urban and suburban arterials (MV FI crashes)
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Figure 67. Comparison of new crash prediction model to existing model
in HSM: 3STT vs 3ST on urban and suburban arterials (SV-total crashes)
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Figure 68. Comparison of new crash prediction model to existing model
in HSM: 3STT vs 3ST on urban and suburban arterials (SV Fl crashes)

7.4 Crash Modification Factors

During the development of the crash predicticrdels for three-leg turning intersections, three
potential sources of CMFs foreusvith the SPFs were considered:

€ CMFs developed as part of this resedrabed on a cross-sectional study design and
regression modeling

€ CMFs already incorporated into the first edition of the HSM and applicable to three-leg
turning intersections

€ High-quality CMFs applicable to threegléurning intersectios developed using
defensible study designs (e.g., observational before-after evalsaittias using SPFs—
the EB method), as referenced in FHWAEBF Clearinghouse witfour- or five-star
quality ratings or based on a review of relevantrggetion safety literatures

Based on a review of the CMFs already incorpatan the first edition of the HSM and other
potential high-quality CMFs developed using defensible study designs, the only CMF that was

178

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

identified for potential use with the crash prediction models for rural three-leg turning
intersections was the CMF for intersection lighgtbased on the work by Elvik and Vaa (2004),
which is identified for use with the intersectiorash prediction modeis Chapters 10, 11, and

12 of the first edition of the HSM. Thusgtlonly CMF recommended for use with the final SPF
for rural three-leg turning intersections is tEIF for intersection lighting based on the work by
Elvik and Vaa (2004). With this CMF, the base condition is the absence of intersection lighting.
The CMF for lighted intersections is similar to the CMF in Equation 10-24 in the HSM and has
the form:

% /(=1 FO.38x Ly (Eqg. 39)

Where:
CMFi = crash modification factor for g¢heffect of lighting on total crashes
pni = proportion of total crashes for unlightintersections that occur at night

This CMF applies to total intersection crashiesble 10-15 in the HSM presents values for the
nighttime crash proportionnpby intersection type. Based on crash data used in this research, p
for rural three-leg turnigpintersections is 0.503.

Recent research by Washington State DOT has ra@msukrns about whether use of the lighting
CMF in the HSM is appropriate. Based on their research, van SchalkayK2016) concluded
that the contribution of continuous illumination to nighttiomash reduction is negligible.
However, this CMF is recommended for appligatto rural three-leg turning intersections
because this CMF has been used in the firsioedif the HSM. If anydecision to remove or
change the lighting CMFs is made, it should be dmresistently for all fadity types as part of
the development of the second edition of the HSM.

Based on the regression modelingpag of this research, cueength and radius were also
identified for CMF development for three-leg turning intersections on urban and suburban
arterials. Therefore, a CMF was developed asafdHis research faturve length and radius.

The curve to which this CMF applies is thentdor the through movement. Curve length and
radius are measured along ttemterline of the roadway. Thedgacondition of this CMF is a

curve length equal to 100 ft, and a curve radigsal to 84 ft. This CMF was developed based on
curves with radii ranigg from 25 to 270 ft and lengths ranging from 40 to 240 ft. The CMF is
presented in Equation 55 with accompanying coefficients shown in Table 84.

%/(U: ACQE7<)8>®,81754)4 (Eq 55)
Where:
CMF = crash modification factor for théfect of curve length and radius on crashes
R =  curve radius (ft)
Le = curve length (ft)
a,b = regression coefficients

Table 84 presents the values of the coefficiarasd b used in applying Equation 55.
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Table 84. CMF coefficients for curve CMF at three-leg turning intersections on urban and suburban arterials

Tables 85-90 show computed cer€MF values for various cragypes and severities by various
levels of curve length and radiuBhere are certain combinatiooiscurve length and radius that

SPF to which the CMF applies

Coefficients used in Equation 55

A b
MV-Total -0.014 0.017
MV FI -0.014 0.019
MV PDO -0.017 0.020
SV-Total 0?2 0.009
SV FI 0?2 0.013
SV PDO 0?2 0.008

@ Curve radius was not found to be statistically significant in predicting SV crashes

are not realistic for this intersectioype and are not shown in these tables.

Table 85. Curve CMF values for MV total crashes

Copyright National Academy of Sciences. All rights reserved.

Curve Curve Length (ft)

Ri?t')us 50 75 100 125 150 175 200 225
25 0.976 -- - -- -- - -- --
50 0.688 1.052 1.610 2.462 - -- -- --
75 0.485 0.742 1.134 1.735 2.654 4,059 -- -
100 0.342 0.523 0.799 1.223 1.870 2.861 4.375 6.693
125 -- 0.368 0.563 0.862 1.318 2.016 3.083 4.716
150 -- 0.259 0.397 0.607 0.929 1.420 2.173 3.323
175 -- -- 0.280 0.428 0.654 1.001 1.531 2.342
200 -- -- 0.197 0.301 0.461 0.705 1.079 1.650
225 -- -- -- 0.212 0.325 0.497 0.760 1.163
250 - - - 0.150 0.229 0.350 0.536 0.820

Table 86. Curve CMF values for MV FI crashes

Curve Curve Length (ft)

Ri?t')us 50 75 100 125 150 175 200 225
25 0.883 - -- - - - -- --
50 0.623 1.001 1.610 2.588 - -- - --
75 0.439 0.705 1.134 1.824 2.933 4,716 - --
100 0.309 0.497 0.799 1.285 2.067 3.323 5.344 8.593
125 - 0.350 0.563 0.906 1.456 2.342 3.766 6.056
150 - 0.247 0.397 0.638 1.026 1.650 2.654 4.267
175 - -- 0.280 0.450 0.723 1.163 1.870 3.007
200 - - 0.197 0.317 0.510 0.820 1.318 2.119
225 - -- -- 0.223 0.359 0.578 0.929 1.493
250 - -- -- 0.157 0.253 0.407 0.654 1.052

Table 87. Curve CMF values for MV PDO crashes

Curve Curve Length (ft)

Ra(?t')us 50 75 100 125 150 175 200 225
25 1.003 - - - - - - -
50 0.656 1.081 1.782 2.939 - - - -
75 0.429 0.707 1.165 1.921 3.168 5.223 - -
100 0.280 0.462 0.762 1.256 2.071 3.414 5.629 9.281
125 -- 0.302 0.498 0.821 1.354 2.232 3.680 6.068
150 - 0.198 0.326 0.537 0.885 1.459 2.406 3.967
175 -- -- 0.213 0.351 0.579 0.954 1.573 2.593

200 -- -- 0.139 0.229 0.378 0.624 1.028 1.696
225 -- -- -- 0.150 0.247 0.408 0.672 1.108
250 -- -- -- 0.098 0.162 0.267 0.440 0.725
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Table 88. Curve CMF values for SV total crashes

Curve Curve Length (ft)

Radius
(ft) 50 75 100 125 150 175 200 225
25 0.638 -- - -- -- - -- --
50 0.638 0.799 1.000 1.252 - - -- --
75 0.638 0.799 1.000 1.252 1.568 1.964 - -
100 0.638 0.799 1.000 1.252 1.568 1.964 2.460 3.080
125 -- 0.799 1.000 1.252 1.568 1.964 2.460 3.080
150 -- 0.799 1.000 1.252 1.568 1.964 2.460 3.080
175 - - 1.000 1.252 1.568 1.964 2.460 3.080
200 -- -- 1.000 1.252 1.568 1.964 2.460 3.080
225 -- -- -- 1.252 1.568 1.964 2.460 3.080
250 -- -- -- 1.252 1.568 1.964 2.460 3.080

Table 89. Curve CMF values for SV FI crashes

Curve Curve Length (ft)

R 50 75 100 125 150 175 200 225
25 0.522 - - - - - - -
50 0.522 0.723 1.000 1.384 - - - -
75 0.522 0.723 1.000 1.384 1.916 2.651 - -
100 0.522 0.723 1.000 1.384 1.916 2.651 3.669 5.078
125 - 0.723 1.000 1.384 1.916 2.651 3.669 5.078
150 - 0.723 1.000 1.384 1.916 2.651 3.669 5.078
175 - - 1.000 1.384 1.916 2.651 3.669 5.078
200 - - 1.000 1.384 1.916 2.651 3.669 5.078
225 - -- -- 1.384 1.916 2.651 3.669 5.078
250 - -- -- 1.384 1.916 2.651 3.669 5.078

Table 90. Curve CMF values for SV PDO crashes

Curve Curve Length (ft)

Radius
(f) 50 75 100 125 150 175 200 225
25 0.670 - - - - - - -
50 0.670 0.819 1.000 1.221 - - - -
75 0.670 0.819 1.000 1.221 1.492 1.822 - -
100 0.670 0.819 1.000 1.221 1.492 1.822 2.226 2.718
125 - 0.819 1.000 1.221 1.492 1.822 2.226 2.718
150 - 0.819 1.000 1.221 1.492 1.822 2.226 2.718
175 -- -- 1.000 1.221 1.492 1.822 2.226 2.718
200 -- -- 1.000 1.221 1.492 1.822 2.226 2.718
225 - - - 1.221 1.492 1.822 2.226 2.718
250 - - - 1.221 1.492 1.822 2.226 2.718

7.5 Severity Distribution Functions
Based on previous results of attempting to dgv8DFs for intersections, it was decided not to

explore the development of SDFg fhree-leg turning intersections.

181

Copyright National Academy of Sciences. All rights reserved.




Intersection Crash Prediction Methods for the Highway Safety Manual

7.6  Summary of Recommended Models for Incorporation in the HSM

In summary, several crash pretitbn models were developed for three-leg intersections where
the through movements make turning maneuvettseaintersections faronsideration in the
second edition of the HSNhcluding models for:

€ Three-leg turning intersectiomms rural two-lane roadways
€ Three-leg turning intersections arban and suburban arterials

The final models recommended for inclusiorthe second edition of the HSM are for total
crashes on three-leg turning intersections on twadlane roadways (as shown in Table 77) and
MV total, MV FI, MV PDO, SV total, and S¥YDO crashes at three-leg turning intersections on
urban and suburban arterials (as shown in Té®)eThe model for SV FI crashes for three-leg
turning intersections on urbamd suburban arterials in Ala 80 is not recommended for
inclusion in the second edition of the HSM becahseparameter for total entering volume is not
statistically significant in the model.

In addition, SDFs were not developed for thiegturning intersections. Therefore, it is
recommended for the second edition of the HSM that crash severity for three-leg turning
intersections on rural two-lafeghways and urban and suburban arterials be addressed in a
manner consistent with existing methods in Geap0 and Chapter 12 of the HSM, respectively,
without use of SDFs.

Appendix A presents recommended text f@oirporating the final recommended models for
three-leg turning intersections in@hapters 10 and 12 of the HSM.
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Chapter 8.

Development of Models for Use in HSM Crash Prediction
Methods: Crossroad Ramp Terminals at Single-Point
Diamond Interchanges

This section describes the development of cpastiction models for crossroad ramp terminals
at single-point diamond interchanges (SP9)gte+point diamond interchanges are implemented
in urban areas. Their crossroad ramp teaisiare characterized by one intersection through
which all at-grade traffic movements are méldeisch, 2005). Section 8.1 describes the site
selection and data collectiongoesses for developing craskegiction models for crossroad

ramp terminals at single-point diamond interod@s. Section 8.2 providdgscriptive statistics

of the databases used for model developmetti@ 8.3 presents theatistical analysis and
resulting SPFs for crossroad ramp terminalsragle-point diamond interchanges. Section 8.4
discusses the CMFs recommended for use thé#tSPFs. Section 8.5 addresses the outcomes of
the analysis to develop SDFs for crossroad reanpinals of single-point diamond interchanges.
Section 8.6 provides recommendations for inocsing the new crash prediction models for
crossroad ramp terminals at degoint diamond intettanges in the secomdlition of the HSM.

8.1 Site Selection and Data Collection

A list of potential single-pointliamond interchanges was deoyd by searching databases and
satellite imagery in five states:

Arizona (AZ)
Missouri (MO)
Nevada (NV)
Tennessee (TN)
Utah (UT)

a b d dh

Data collection activities for these sites includadhering geometric degi attributes of the
interchanges as well as traffic and crash datantgric attributes were collected from aerial
imagery in Google Earfh as well as Google Street ViéwTable 91 lists the geometric
attributes collected (and respective definitiansl permitted values) for each single-point
diamond interchange.

Table 91. Site characteristic variables co llected for crossroad ramp terminals at
single-point diamond interchanges

Variable | Definition | Range or Permitted Values
General Intersection Attributes
Intersection configuration (i.e., number | Indicates the number of legs and type of traffic

of legs and type of traffic control) control 456G
Indicates whether the intersection is in a rural

Area type Urban
or urban area

Presence of intersection lighting Indicates if overhead lighting is present at the Yes, no

intersection proper
Indicates whether the crossroad passes over
or under the freeway

Estimated year when the interchange was
constructed

Crossroad over or under freeway Over or under

Construction year Range: 1992 to 2014
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Table 91. Site characteristic variables co llected for crossroad ramp terminals at
single-point diamond interchanges (Continued)

Approach Specific Attributes

Route name or number

Specifies the route name or number of the
approach

Location at intersection

Side of the intersection the approach is located

Primary, secondary

The number of approaches with one or more

crossroad at the crossroad ramp terminal

Presence of left-turn lanes 4
left-turn lanes

Number of left-turn lanes Number of left-turn lanes provided for turning 01,23
movements to/from each freeway ramp

Left-turn protected only Number_ of approaches with protected only left- 4
turn options

Presence of right-tur lane Number of approaches with one or more right- 01234
turn lanes

Number of right-turn lanes Number of right-turn lanes provided for turning 01,23
movements to/from each freeway ramp
Number of through lanes present on each

Number of through lanes crossroad approach to the crossroad ramp 1,2,3,4
terminal
Indicates the presence of frontage roads at the

Presence of frontage roads interchange, where a through movement is Yes, no
added between the exit and entrance ramps
Indicates the presence of crosswalks at the

Presence of crosswalk : Yes, no
crossroad ramp terminal

. Indicates the presence of a bike lane on the
Presence of bike lane Yes, no

Width of median (in feet) on each crossroad

mainline and crossroad

Median width : Range: 0 to 47 ft
approach to the crossroad ramp terminal

Median type Type of median present on each cros_sroad Raised, flush, depressed, none
approach to the crossroad ramp terminal

Skew angle The intersection skew angle of the freeway Range: 0 to 90 degrees

Number of driveways

Number of driveways located within 250 ft of
the crossroad stop bars/lines

Range: 0 to 10

Indicates if an unsignalized public street

on the crossroad

Presence of public street approach approach is present within 250 ft of a Yes, no
crossroad stop bar/line
. . Indicates the presence of a railroad crossing
Presence of railroad crossing Yes, no

Freeway posted speed limit

The posted speed limit on the freeway mainline

Range: 45 to 75 mph

Crossroad posted speed limit

The posted speed limit on the crossroad

Range: 30 to 55 mph

Terminal length

The distance measured along the crossroad
between the outermost ramp terminal
boundaries

Range: 468 to 2274 ft

Traffic control type for right turns

Type of traffic control for right-turn movements

Signal, stop, yield, none

U-turns allowed

Indicates if a U-turn is allowed between exit
ramps and entrance ramps

Yes, no

Distance to right-turn approach

Distance from the center of the crossroad ramp
terminal to the center of the right turn approach

Range: 100 to 1654 ft

The “construction year” was estimatedngsthe “Clock” featue in Google Earthas the earliest

year with the interchrage present in aerial imagery. Sosnegle-point diamond interchanges in

the database were built during the study period and therefore had fewer years of data available
for analysis. Additional information about thédgrchange configuratiomas used to exclude

sites with uncommon or inconsistent geometdnditions, such as the lack of a crossroad
approach or ramp approach.

Traffic data collection activite primarily involved accessing puldifcavailable traffic volumes
and statistics.
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Crash data were obtained fratate DOTs. The crash data gextly included details about the
crash location (geographic coordinates), as aehttributes describing the crash, people
involved in the crash, and the roandd environmental conditions thie location ad time of the
crash.

Identifying crashes associated with the raemminal required a clear definition of a ramp
terminal-related crash based on geographic locatwihcrash attributes. To maintain a level of
consistency with the ramp terminal model&NGHRP Project 17-45, these crashes were selected
using the following criteria:

€ Crashes occurring on the crosstedthin the ramp terminal boundary, defined as a point
100 ft from the gore or curb return of tbetermost ramp connection, and having one of
the following attributes:

- atintersection

- intersection-related

- atdriveway

- driveway-related

- involving a pedestan or bicyclist

€ Crashes occurring on a ramp witheddt one of the following attributes:

- atintersection;

- intersection-related,;

- involving a pedestriaor bicyclist, or

- located on an exit ramp and manner of collision is rear-end.

This definition departs from the NCHRP Proj&@t45 ramp terminal definition, using a

different distance reference to define thessroad ramp terminal boundary. The NCHRP

Project 17-45 definition used 250 ft from thesswad ramp terminal, measured from the center
of the intersection. The definition implemented ttee crossroad ramp terminals of single-point
diamond interchanges is based on the Amendational Standards Institute (ANSI) D16.1-2007
(Manual on Classification of Motd/ehicle Traffic Accidentsylefinition of an interchange

crash. According to the ANSI definition, an intkange crash is a crash in which the first

harmful event occurs within a boundary defined by a point 100 ft from the gore or curb return of
the outermost ramp connection. Figure 69 illussahe boundaries for defining ramp terminal
crashes at a single-paidiamond interchange.

This ramp terminal boundary adjustment was necg$sathis application due to the size of a
typical crossroad ramp terminal at a single-pdiatnond interchange and itgin characteristic
of operating as one intergemn. Figure 70 shows an example of a single-point diamond
interchange with a crossroad terminal size/leagibroximately equal to the average of terminal
sizes/lengths at sites in Arizoaad Utah. At this location, ¢hmaximum distance between the
center of the interchange and the outermost reompection is approximately 330 ft, more than
the 250 ft used in the NCHRP Project 17-48ndgon. As a result, using the 250 ft boundary
would have resulted in missing crashes assocwitidright turn movements at the entrance and
exit ramps. It would have also resulted in misgag of the longer leftern lanes on the cross
street that are common to crossroad ramp texsiet single-point diamond interchanges. The
ramp terminal boundary that is based on the AdESiinition and implemented in this research
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extends 100 ft beyond the outermost ramp cammes; capturing crashessociated with the
right-turn movements and the left-turn lanes.

Figure 69. Single-point diamond  interchange ramp terminal boundaries for defining ramp
terminal crashes (adapted from Bonneson et al., 2012)

Figure 70. Example of a singl e-point diamond interchange with the implemented ramp
terminal boundary identified alon g the crossroad (Source: ArcMap)
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All of the collected data (i.e., site charactecsticrashes, and traffic volumes) were assembled
into one database for the purposes of modelldpueent. After initial database development and
guality assessments, interchanges in Arizonal#iatl were selected for model development due

to a higher level of confidence in accuratahd reliably locating and identifying terminal-

related crashes in those states. This decision resulted in 70 potential crossroad ramp terminals for
model development. This list of interchangess further reduced due to unusual geometric
attributes and missing traffic data. Specificallp sites were excluded due to missing ramp
volumes on at least one ramp approach, veermre excluded for unusual ramp terminal
configurations (e.g., exit ramp integration witkarby intersections streets), and two were
excluded for unusual crossroad configurations (e.g., missing crossroad approach, resulting in a
three-leg variation of a singdpoint diamond interchange).

With 52 potential sites remaining for model development, cumulative residual (CURE) plots for
preliminary models indicatedride potential outliers were present in the database. These
locations generally had an excessive numb&TD crashes relative to their reported traffic
volumes on the crossroads and ramps, resultiongusually large residuals. The final database
excluded these three sites, fdésg in 49 crossroad ramprtainals at single-point diamond
interchanges for model development.

8.2 Descriptive Statistics of Database

A total of 49 crossroad ramp terminals at sifqgbnt diamond interchamg were used for crash
prediction model development. The selected sites were from two states: Arizona and Utah. To
remain consistent with the standards for devekapof the intersection predictive models in the
first edition of the HSM, the goal of this research was to develop crash prediction models with a
minimum of 200 site-years of data, and prably 450 site-years of data or more.

Traffic Volumes and Site Characteristics

Traffic volumes and crash data from years 20ttdugh 2015 were used for analysis. Table 92
provides summary statistics for traffic volumela study sites used for model development.

Study period (date range), number of sites andysiées, and traffic volume descriptive statistics
are shown by state.

Table 92. Crossroad and ramp AADT statistics at single-point diamond interchange
crossroad ramp terminals

Dat Number | Number Crossroad AADT Ramp AADT (sum of all four ramps)
State Ra?] ee of of Site- (veh/day) (veh/day)

Y Sites Years Min Max Mean Median Min Max Mean Median
AZ Fovrll I 140 | 14934 | 70,790 | 36,169 | 36,302 | 16,556 | 64,648 | 40,113 | 39,308
uT 22%11% 21 99 | 13,445 | 47,295 | 29,255 | 29,315 | 14,069 | 80,030 | 42,326 | 38075
All 2011-

49 239 13,445 70,790 33,305 33,800 14,069 80,030 41,030 39,169
states 2015
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Interchange geometric characteristwere collected using Google E&rtind Google Street
View® (Table 91). The key variables of interest for modeling were:

€ Terminal length (measured along crossroad)
- Min =605 ft, Max = 1236 ft, Mean = 829 ft

€ Number of through lanes on crossroad approaches
- Min =1, Max =4, Mean = 2.53

€ Number of left-turn lanes

- Exit (from freeway) and entrance (to fremyy movements: Min = 1, Max = 3,
Mean = 1.94

€ Number of right-turn lanes

- Entrance (to freeway) movemenkdin = 1, Max = 2, Mean = 1.05
- Exit (from freeway) movements: Min = 1, Max = 2, Mean = 1.43
- All movements: Min = 1, Max = 2, Mean = 1.24

€ Traffic control type for right turns
- To entrance ramp:

€ Both signalized (frontage roads): 7 sites
€ Both no control: 42 sites

- From exit ramp

Both signalized: 19 sites

Both yield control: 19 sites

Both no control (free right): 2 sites
1 signalized, 1 stop control: 3 sites
1 signalized, 1 yield control: 1 site
1 stop control, 1 yield control: 1 site
1 signalized, 1 no control: 1 site

1 stop control, 1 no control: 1 site

1 yield control, 1 no control: 1 site

a dh b dh dh dh db dh b

The findings with respect to some of these site characteristics are discussed in Section 8.3 on
SPF development.

Crash Counts

All 49 interchanges included in the study expecded crashes. The average number of single-
and MV crashes per terminal was 124.6 cragapgroximately 25.0 crashes per terminal per
year), and the average number of vehicle-pe@espius vehicle-bicyclerashes per intersection
was 2.1 over the entire study period (approximately 0.4 pedestrian and bicycle crashes per
terminal per year). Table 93 shows all, SV, and MV crash counts by crash severity and time of
day for each state over the entire study pe@dsh counts are tallied by collision type and
manner of collision across all states in Table 94.
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Table 93. All crashes combined, single- and MV, and pedestrian and bicycle crash counts by crash
severity—single-point diamond interchange crossroad ramp terminals

. All Crashes SV Crashes Multiple-Vehicle Pedestrian Bicycle
Number | Time Combined Crashes Crashes Crashes
Date | Number ;
State Range | of Sites of Site- of
Years | Day | Total | FI |PDO |Total |FI | PDO |Total | FI  [PDO FI FI

AZ M| 28 140 | Al | 4071 | 1079 | 2002 | 287 | 83 | 204 | 3723 | 941 | 2782 18 43
ur | O ; 99 | Al | 2133 | 504 1629 | 53 | 15 | 38 | 2040 | 454 | 1586 16 24
Al 2011- 1 49 239 | Al |6204 |1,583 [4621 | 340 | 98 | 242 | 5763 | 1,395 | 4,368 34 67
states | 2015 ' ' ' ' ' '

Table 94. Crash counts by collision type and manner of collision and crash severity at
single-point diamond interchange crossroad ramp terminals

Collision Type | Total | Fl | PDO
Single-Vehicle Crashes
Collision with animal 0 0 0
Collision with fixed object 288 74 214
Collision with other object 8 3 5
Collision with parked vehicle 0 0 0
Other SV collision 44 21 23
Total SV crashes 340 98 242
Multiple-Vehicle Crashes
Head-on collision 83 54 29
Angle collision 573 205 368
Rear-end collision 4485 1056 3429
Sideswipe collision 579 63 516
Other MV collision 43 17 26
Total MV crashes 5763 1395 4368
Nonmotorized Crashes

Pedestrian 34 34 0
Bicycle 67 67 0
Total nonmotorized crashes 101 101 0
Total Crashes 6204 1594 4610

8.3 Safety Performance Functions—Model Development

SPFs for the crossroad ramp terminal of a single-point diamondhateye were initially
developed using Equation 56:

Ozoag ATLE=XIN(##&B)+ 2xIn k## &6, 0 @ ATEBMN ANE C OEqg56)

Where:

Nspf int = predicted average crash frequenta crossroad ramp terminal at
a single-point diamond interchange with base conditions
(crashes/year)

AADTxrd = AADT on the crossroad (veh/day)

AADTramp = um of ramp AADTSs (veh/day)

exit_free_right = number of exit ramps witinee-flow right tuns (0, 1, or 2)

a,b,gandd =  estimated regression coefficients
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All SPFs were developed using a NB regressmmalel based on all sgeeombined. Based on a
review of the number dftates, sites, site-yeaend crashes for the database assembled, data for
all sites were used for model development to maximize the sample size rather than using a
portion of the data for model delopment and a portion for mddelidation. Separate models
using data from Arizona and Utah were initiadhyplored and showed relatively consistent model
coefficients. This increased confidence in thprapch to pool all data for model development.
STATA 12.1 was used for modeling. The final SPFs based on Equation 57 for crossroad ramp
terminals at single-point diamond interchanges are shown in Table 95. Table 95 shows the
estimated model coefficients anderdispersion parameter (estimate), their standard error, and
associated p-values (or significance level)dach severity level. Figures 71-73 graphically
present the SPFs shown in Table 95vimious crossroad and ramp AADTS.

SPFs for vehicle-pedestrian avehicle-bicycle crastseat crossroad ramp terminals of single-
point diamond interchanges could not be develamepedestrian and bicycle volumes were not
available. The SPFs in Table 95 predict therage crash frequencytae crossroad ramp
terminal for all crash types (i.e., multi-vehic&Y, pedestrian, and bicyclist) for total, FI, and
PDO severity levels.

The estimated SPFs use both the crossroad AAIdTsam of AADTSs on all ramps connected to
the interchange. The coefficients for these terms are positive and statistically significant (at
greater than 99% confidence |8viea each SPF, although their gratudes fluctuate between the
Fl and PDO models. The estimated coefficfenicrossroad AADT was lower for PDO crashes
than for FI crashes. The estimated coeffictentamp AADT was higher for PDO crashes than
for FI crashes and greater than unity. This soamted with the largerumber of rear-end PDO
crashes occurring on the ramps at thelgisites with larger ramp volumes.

Multiple models were tested considering theeff$ of different geometric attributes, including
the interchange length, numbertofn lanes (right and lefthumber of through lanes, and
number of approaches with a pautar right turn control type. Only the right turn control type
was found to have a statistically significant effect. However yibe of right turn control also
coincides with a particular stafee., Arizona uses more yield control, Utah uses more signal
control and free-flow right turns), limiting the ability to estimate the effect of the right turn
control variable without confounaly effects. The free-right turn on exit ramps variable was
included in the model because it was statisticsitipificant, and its coefficient was relatively
consistent between models. This variable idwapy not only the differences in right turn
capacity and its effect on rear-end exit ramp crashes, but also the removal of conflict points
within the defined ramp terminal area. Theehflow right turns athe study locations are
accommodated by an auxiliary lane along the crossroad (thereby removing the need for right-
turning vehicles to merge withihe terminal area). Ratherath presenting the free-flow right-

turn effects as CMFs, separate SPFs were desélm the form of Equation 57 based on number
of exit ramps with free-flow right turns to the sssoad — 0, 1, or 2. The final adjusted values for
the estimated parameters are presented ireThlThere are no additional base conditions for
the SPFs.
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0pa5 ATLE=XIN(H##&G)L+ 2XIN K##&B 200 (Eq. 57)

Table 95. SPF coefficients for crossroad ramp terminals at single-point diamond
interchanges (based on Equation 56)

Crash Severity Parameter Estimate Stzé?:joarrd Pr>F Significance Level
Intercept -15.31 1.70 -- --
IN(AADTyq) 0.69 0.17 0.000 Significant at 99% level
Total Crashes IN(AADT amp) 1.08 0.18 0.000 Significant at 99% level
exit_free_right -0.60 0.11 0.000 Significant at 99% level
Overdispersion 0.10 0.02 -- --
Intercept -16.71 2.06 - --
IN(AADT yrq) 0.88 0.20 0.000 Significant at 99% level
FI Crashes IN(AADT (amp) 0.88 0.21 0.000 Significant at 99% level
exit_free_right -0.58 0.13 0.000 Significant at 99% level
Overdispersion 0.11 0.03 -- -
Intercept -15.60 1.72 -- --
IN(AADTq) 0.61 0.17 0.000 Significant at 99% level
PDO Crashes IN(AADT (amp) 1.15 0.18 0.000 Significant at 99% level
exit_free_right -0.60 0.11 0.000 Significant at 99% level
Overdispersion 0.10 0.02 -- --

Base Conditions: 0, 1, and 2 are valid values for the number of exit ramps with free-flow right turns to the crossroad. There are no
additional base conditions.

Figure 71. Graphical representation of the SPF for total crashes at crossroad ramp
terminals at single-point diamond interchanges
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Figure 72. Graphical representation of the SPF for FI crashes at crossroad ramp terminals
at single-point diamond interchanges

Figure 73. Graphical representation of the SPF for PDO crashes at crossroad ramp
terminals at single-poin t diamond interchanges
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Table 96. SPF coefficients for crossroad ramp terminals at single-point diamond

interchanges (based on Equation 57)

Crash s _ S_ur;ﬁb_?r of Ffree—FFlO\_/v SPF Coefficient Dispersion
rash Severit ight Turns from Exit
/ Rgamp to Crossroad a b ¢ Parameter
0 -15.31 0.69 1.08 0.10
Total crashes 1 -15.91 0.69 1.08 0.10
2 -16.51 0.69 1.08 0.10
Fatal-and- injury 0 -16.71 0.88 0.88 0.11
crashes 1 -17.29 0.88 0.88 0.11
2 -17.87 0.88 0.88 0.11
Property- 0 -15.60 0.61 1.15 0.10
damage- only 1 -16.20 0.61 1.15 0.10
crashes 2 -16.80 0.61 1.15 0.10

There are no additional base conditions.

Tables 97 and 98 provide proportidios crash severity levelsid collision types and manner of

collision, respectively, for crashes at crassr ramp terminals of single-point diamond
interchanges. These proportiamere calculated based on the ebved data from both states

combined.
Table 97. Distributions for crash severity  level at crossroad ramp terminals at
single-point diamond interchanges
. Percentage of Percentage of
Crash Severity Level Total Crashes FI Crashes
Fatal 0.16 0.6
Incapacitating injury 1.19 4.7
Non-incapacitating injury 7.09 27.8
Possible injury 17.07 66.9
Total fatal plus injury 25.52
Property-damage-only 74.48
Total 100.0 100.0
Table 98. Distributions for collision type a  nd manner of collision at crossroad ramp

Following the development of the crash prediction models for crossroad ramp terminals at
single-point diamond interchangesmpatibility testing of the me models to confirm that the

terminals at single-point diamond interchanges

- Percentage of Total Crashes
Collision Type
FI | PDO
Single-Vehicle Crashes
Collision with animal 0.0 0.0
Collision with fixed object 4.6 4.6
Collision with other object 0.2 0.1
Collision with parked vehicle 0.0 0.0
Other SV collision 1.3 0.5
Multiple-Vehicle Crashes
Head-on collision 3.4 0.6
Angle collision 12.9 8.0
Rear-end collision 66.2 74.4
Sideswipe collision 4.0 11.2
Other MV collision 1.1 0.6
Nonmotorized Crashes
Pedestrian 2.1 0.0
Bicycle 4.2 0.0
Total Crashes 100.0 100.0
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new models provide reasonablsuls over a broad range of inmanditions and that the new
models integrate seamlessly with existing intdisaarash prediction models in the first edition
of the HSM was conducted. The graphical repregems of the crash prediction models in
Figures 71-73 provide some sense of the reddenass of the new models for crossroad ramp
terminals at single-point diamormaterchanges. Nothing fromeke figures suggests that the
models provide unreasonable iesuComparison of the crashegliction models for crossroad
ramp terminals at single-point diamond interap@s to the crash prediction models for tight
diamond interchanges is pezged in Section 9.3.

Regarding seamlessly integrating the new crash prediction models for crossroad ramp terminals
at single-point diamond interchges with existing crasprediction models in Chapter 19 of the
HSM, the primary issue that neetb be clearly addressed ig thpproach for defining crashes
associated with the crossroad ramp terminals at single-point diamond interchanges. As stated in
Section 8.1, crashes associateth the crossroad ramp terminals at single-point diamond
interchanges are defined as follows:

€ Crashes occurring on the crosstedthin the ramp terminal boundary, defined as a point
100 ft from the gore or curb return of tbetermost ramp connection, and having one of
the following attributes:

- atintersection

- intersection-related

- atdriveway

- driveway-related

- involving a pedestan or bicyclist

€ Crashes occurring on a ramp witheadt one of the following attributes:

- atintersection

- intersection-related

- involving a pedestan or bicyclist

- located on an exit ramp and manner of collision is rear-end

This definition departs from the NCHRP Proj&@t45 and HSM approach for defining ramp
terminal crashes, using a different distance reference to de&r@ossroad ramp terminal
boundary, so this needs to be clgatated in the second edition of the HSM. No other issues
were identified concerning integrating the nenash prediction models for crossroad ramp
terminals at single-point diaond interchanges with existiregash prediction models in
Chapter 19 of the HSM.
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8.4 Crash Modification Factors

During the development of the crash predictmodels for crossroad ramp terminals at
single-point diamond interchangéisree potential sources of CMks use with the SPFs were
considered:

€ CMFs developed as part of this resedrabed on a cross-sectional study design and
regression modeling

€ CMFs already incorporated into the firsttezh of the HSM and applicable to crossroad
ramp terminals at single-point diamond interchanges

€ High-quality CMFs applicable to crosstbeamp terminals at single-point diamond
interchanges developed using defensihletdesigns (e.g., observational before-after
evaluation studies using SPFs—the EB method), as referenced in FHWA's CMF
Clearinghouse with four onfe-star quality ratings or bad on a review of relevant
intersection safety literature

Based on a review of the CMFs already incorpeatan the first edition of the HSM and other
potential high-quality CMFs developed using defensible studgagsno CMFs were identified
that were adaptable to the predictive mod@<rossroad ramp teimals at single-point
diamond interchanges. New potential CMFs wexplored during reg@ssion modeling, but only
the right turn configuration from the exitm@s to the crossroad (i.e., free-flow versus
yield/stop/signal control) showexnsistent and statistically sigmfint safety effects. As noted
in Section 8.3, instead of presenting the free-flmht-turn effects a€MFs, separate SPFs are
recommended for three exit ramp to crossroghitriurn configurations (defined by the number
of exit ramps with free-flow right turns the crossroad—0, 1, or 2). No additional base
conditions or CMFs are recommended for ugtd the SPFs for crossroad ramp terminals as
single-point diamond interchanges. The lacktbier effects is not necessarily surprising.
Crossroad ramp terminals at degoint diamond intettanges are relativesimilar in some of
their major features (e.g., oimgersection through which all at-grade traffic movements are
made, signal timing, presence of exclusive lefittanes). Samplezas did not allow any
differences in safety performance to be det@ett finer levels of detail (e.g., number of
exclusive left-turn lanes, numbef cross street through lanes).

8.5 Severity Distribution Functions

Development of SDFs was explored forgsmwad ramp terminals at single-point diamond
interchanges using methods outlined in Section 2.2.3 of this report. SDFs were not used in the
development of crash prediction methods in tret &dition of the HSM but were subsequently
used in the Supplement to the HSM for freage/and ramps (AASHTO, 2014). The database
used to explore SDFs for crossroad rammmieals at single-point diamond interchanges
consisted of the same crashes and crossroadteamimals as the database used to estimate the
SPFs, but restructured so tha thasic observation unit (i.e., dadge row) was a crash instead

of a ramp terminal. No traffic or geometric variables showed consistent and statistically
significant effects in the SDRer crossroad ramp terminals at single-point diamond
interchanges.
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8.6 Summary of Recommended Models for Incorporation in the HSM

In summary, several crash prettbn models were developed for crossroad ramp terminals at
single-point diamond interchanges fwnsideration in the seconditemh of the HSM. The final
models for FI and PDO severity levels presented in Table 96 are recommended for inclusion in
the second edition of the HSM, consistent with existing methods in HSM Chapter 19. Separate
SPFs are presented in the form of Equatiob&sed on number of examps with free-flow

right turns to the crossroad (- 0, 1, or 2).

Attempts to develop SDFs for crossroad ramp terminals at single-point diamond interchanges
proved unsuccessful for the reasemplained in Section 4.6. TI8PFs by severity for crossroad
ramp terminals at single-point diamond interotp@s provided in Table 96, combined with the
severity distributions provided in Table 97, are recommendeatifinessing crash severity at
these intersection types, withawge of SDFs. The SPFs predittand PDO crashes separately.
Additional disaggregation of Fl crashes into fatal, incapacitating injury, non-incapacitating
injury, and possible injury crashes can be acdmimgd using the severityistributions provided

in Table 97.

Appendix A presents recommended text faoirporating the final recommended models for
crossroad ramp terminals at single-point diamomteramanges into Chégr 19 of the HSM.
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Chapter 9.

Development of Models for Use in HSM Crash Prediction
Methods: Crossroad Ramp Terminals at Tight Diamond
Interchanges

This section describes the development of cpeslliction models for crossroad ramp terminals
at tight diamond interchanges (TDs). Tighdardiond interchanges are implemented in urban
areas. Their crossroad ramp terminals areacherized by two at-grade intersections spaced
between 200 and 400 ft apart, through whictagfirade traffic movements are made (Leisch,
2005, Hughes et al., 2010, Sellinger and Sharp, 28@0additional characteristic of the tight
diamond interchange is exclusive left-turn lan®r movements from the crossroad to the
freeway, in advance of the upstream ramp teah{ioeisch, 2005). The two intersections of the
tight diamond interchange are signalized to ojgeaa one (Leisch, 2005). Section 9.1 describes
the site selection and datdleation processes for developingash prediction models for
crossroad ramp terminals at tight diamonérchanges. Section 9.2 provides descriptive
statistics of the databases used for modetld@ment. Section 9.3 @sents the statistical
analysis and resulting SPFs for crossroaafréerminals at tight diamond interchanges.
Section 9.4 discusses CMF development for use with the SPFs. Section 9.5 addresses the
outcomes of the analysis to develop SDFs for crossroad ramp terminals of tight diamond
interchanges. Section 9.6 provides recommendat@nacorporating the new crash prediction
models for crossroad ramp terminals at tdjaimond interchanges indtsecond edition of the
HSM.

9.1 Site Selection and Data Collection

A list of potential tight diamond interchanges waseleped by searching tibases and satellite
imagery in six states:

€ Arizona (AZ)
California (CA)
Florida (FL)
Minnesota (MN)
Ohio (OH)

Utah (UT)

ah dh dh dh dh

Data collection activities for these sites includadhering geometric degi attributes of the
interchanges as well as traffic and crash datant&ric attributes were collected from aerial
imagery in Google Earfh as well as Google Street ViéwTable 99 lists the geometric
attributes collected (and respective definitiansl permitted values) for each tight diamond
interchange.
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Table 99. Site characteristic variables collected for cr ossroad ramp terminals at tight diamond interchanges

Variable | Definition | Range of Permitted Values
General Intersection Attributes
Intersection configuration (i.e., number | Indicates the number of legs and type of traffic
: 4SG

of legs and type of traffic control) control

Indicates whether the intersection is in a rural
Area type Urban

or urban area
Presence of intersection lighting Indicates if overhead lighting is present at the Yes, no

intersection proper
Indicates whether the crossroad passes over
or under the freeway
Estimated year when the interchange was
constructed

Approach Specific Attributes
Specifies the route name or number of the

Crossroad over or under freeway Over or under

Construction year Range: 2005 to 2018

Route name or number

approach

Location at intersection Side of the intersection the approach is located Primary, secondary

Presence of left-turn lanes The number of approaches with one or more 234
left-turn lanes

Left-turn protected only Number of _approaches with protected only left- 012
turn operations

Number of left-turn lanes Number of left-turn lanes provided for turning 01,2
movements to/from each freeway ramp

Presence of right-turn lane Number of approaches with one or more right- 012
turn lanes

Number of right-turn lanes Number of right-turn lanes provided for turning 0.1,2
movements to/from each freeway ramp
Number of through lanes present on each

Number of through lanes crossroad approach to each crossroad ramp 1,2
terminal
Indicates the presence of frontage roads at the

Presence of frontage roads interchange, where a through movement is Yes, no
added between the exit and entrance ramps
Indicates the presence of crosswalks at the

Presence of crosswalk ; Yes, no
crossroad ramp terminal

. Indicates the presence of a bike lane on the
Presence of bike lane Yes, no

crossroad at each crossroad ramp terminal
Width of median (in feet) on each crossroad
approach to each crossroad ramp terminal
Type of median present on each crossroad
approach to the crossroad ramp terminal
Number of driveways located within 250 ft of

Median width Range: 0 to 32

Median type Raised, flush, none

Number of driveways the crossroad stop bars/lines Range: 0 to 2
. ) Number of intersections with public streets .
Number of intersections located within 250 ft of the stop bars/lines Range: 0 to 4
. . Indicates the presence of a railroad crossing

Presence of railroad crossing Yes, no
on the crossroad

Traffic control type for right turns Type of traffic control for right-turn movements Signal, stop, yield, none
Number of right-turn movements from the

Number of channelized right turns crossroad to ramps and from the ramps to the 0,1,23,4
crossroad with raised or painted island
Indicates if a U-turn is allowed between exit

U-turns allowed Yes, no

ramps and entrance ramps

The “construction year” was estimatedngsthe “Clock” featue in Google Earthas the earliest
year with the interchrage present in aerial imagery. Sotigdt diamond interchanges in the
database were built during the study period andetbes, had fewer years of data available for
analysis. Additional information about the inteange configuration was used to exclude sites
with uncommon or inconsistent geometric conditi@wh as the lack of a left-turn lane on a
crossroad approach. Speed limits on freewayscesgsroads were not collected because they
were not statistically significant single-point interchange models.
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Traffic data collection activiteprimarily involved accessing pulliiavailable traffic volumes
and statistics.

Crash data were obtained fratate DOTs. The crash data gextly included details about the
crash location (geographic coordinates), as ahttributes describing the crash, people
involved in the crash, and the roand environmental conditionstaie location ad time of the
crash.

Identifying crashes associated with the raemminal required a clear definition of a ramp
terminal-related crash based on geographic locatwihcrash attributes. To maintain a level of
consistency with the ramp terminal model$NiGHRP Project 17-45 and in the single-point
diamond chapter of this report, these crashes were selesitegthe following criteria:

€ Crashes occurring on the crosstedthin the ramp terminal boundary, defined as a point
100 ft from the gore or curb return of thetermost ramp connection, and having one of
the following attributes:

- atintersection

- intersection-related

- atdriveway

- driveway-related

- involving a pedestan or bicyclist

€ Crashes occurring on a ramp witheddt one of the following attributes:

- atintersection

- intersection-related

- involving a pedestan or bicyclist

- located on an exit ramp and manner of collision is rear-end

This definition departs from the NCHRP 17-45 ramp terminal definition, using a different
distance reference to define the crossroatpreerminal boundary. The NCHRP 17-45 definition
used 250 ft from the crossroad ramp terminaksoeed from the centef the intersection. The
definition implemented for the crossroad ramp ieais of tight diamond interchanges (as well
as single-point diamond interchangeshased on the ANSI D16.1-2007 (Manual on
Classification of Motor Vehicle Traffic Accidentdgfinition of an intechange crash. According
to the ANSI definition, an intercinge crash is a crash in whitite first harmful event occurs
within a boundary defined by a point 100 ft frone tyore or curb return of the outermost ramp
connection.

Figure 74 shows an exampleafight diamond interchange with the boundaries for identifying

interchange-related crashes. Crossroad craghesidentified using #nyellow boundary, while
ramp crashes were identifieding the white boundaries.

199

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

Figure 74. Example of a tight diamond int  erchange with the ramp boundaries definition

All of the collected data (i.e., site charactecsticrashes, and traffic volumes) were assembled

into one database for the purpose of model deveémt. After initial database development and
guality assessments, interchanges in Arizonal#iatl were selected for model development due

to a higher level of confidence in accuratehd reliably locating and identifying terminal-

related crashes in those states. This decision resulted in 57 potential crossroad ramp terminals for
model development. This list of interchanges fuather reduced due to lack of available or
compatible data. Specifically, one interchanges wveanoved because it was not striped as a tight
diamond interchange until 2015, one was removed because crossroad traffic volumes were not
available, and three were removed because teaffic volumes were either questionable or
nonexistent.

With 52 potential sites remaining for model development, CURE plots for preliminary models
indicated one potential outlier was preserthim database. This location had an exceptionally
low number of crashes compared to the traffiume in the interchange. The final database
excluded this site, resulting in 51 crossroad ramp terminéighatdiamond interchanges for
model development.

9.2 Descriptive Statistics of Database

A total of 51 crossroad ramp terminals ghtidiamond interchanges were used for crash
prediction model development. The selected sites were from two states: Arizona and Utah.
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Traffic Volumes and Site Characteristics

Traffic volumes and crash data from years 20itdugh 2015 were used for analysis. Table 100
provides summary statistics for traffic volumesha study sites used for model development.
Study period (date range), number of sites anelysiées, and traffic volume descriptive statistics
are shown by state.

Table 100. Crossroad and ramp AADT statistics at tight diamond interchange crossroad ramp terminals

Number Crossroad AADT Ramp AADT (sum of all four ramps)
State Date Number of Site-
Range | of Sites Years Min Max Mean Median Min Max Mean Median
AZ o 45 225| 8921 | 51438| 27.467| 26357| 9,955| 74,656 | 38,827 | 38,386
uT Zz%jijg 6 28 14,600 34,200 24,322 25,200 20,416 72,179 35,842 31,523
All 2011-
51 253 8,921 51,438 27,097 26,357 9,955 74,656 38,476 37,049
states 2015

Interchange geometric characteristere collected using Google E&rtind Google Street
View® (Table 99). The key variables of interest for modeling were:

€ Distance between terminals
- Min=174.5 ft, Max = 387 ft, Mean = 307.9 ft

€ Number of through lanes on crossroad approaches
- Min =0, Max = 4, Mean = 2.20

€ Number of left-turn lanes

- Exit (from freeway) and entrance (to fre@myy movements: Min = 0, Max = 2,
Mean = 1.30

€ Number of right-turn lanes

- Entrance (to freeway) movemenikdin = 0, Max = 2, Mean = 0.82
- Exit (from freeway) movements: Min = 0, Max = 2, Mean = 1.05
- All movements: Min = 0, Max = 2, Mean = 0.94

€ Traffic control type for right turns
- To entrance ramp:

€ Both signalized: 47 sites

€ Both yield control: 1 site

€ 1 signalized, 1 no control (free right): 2 sites
€ 1lyield, 1 no control: 1 site

- From exit ramp

€ Both signalized: 44 sites

€ Both yield control: 3 site

€ 1 signalized, 1 no control: 3 sites
€ 1yield control, 1 no control: 1 site
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The findings with respect to some of these site characteristics are discussed in Section 9.3 on
SPF development.

Crash Counts

All 51 interchanges included in the study expecded crashes. The average number of SV and

MV crashes per terminal was 92.8 crashes (apprataly 18.7 crashes per terminal per year),

and the average number of vehicle-pedestrian plus vehicle-bicycle crashes per intersection was
1.4 over the entire study period (approximatelyg®8estrian and bicycle crashes per terminal

per year). Table 101 shows all, SV, and MV hbrasunts by crash severity and time of day for

each state over the entire study period. Crashtsaare tallied by collisn type and manner of
collision across all states in Table 102.

Table 101. All crashes combined, single- and MV, and pedestrian and bicycle
crash counts by crash severity—tight di  amond interchange crossroad ramp terminals

Number | Time Multiple-Vehicle Pedestrian Bicycle
State Date Number of Site- of All Crashes SV Crashes Crashes Crashes Crashes
Range | of Sites
Years Day | Total Fl PDO | Total |FI |PDO |Total Fl PDO |Total |FI PDO ([Total FI PDO
AZ ZZ%JiJé 45 225 All 4185 | 1215 | 2970 | 144 | 30 | 114 | 3974 | 1125 | 2849 23 22 1 44 | 38 6
2011-
uT 2015 6 28 All 621 199 | 422 14 3 11 601 190 | 411 2 2 0 4 4 0
All 2011-
51 253 All | 4806 | 1414 | 3392 | 158 |33 | 125 |4575 |1315 | 3260 25 24 1 48 42 6
states 2015

Table 102. Crash counts by collision  type and manner of collision a nd crash severity at tight diamond
interchange crossroad ramp terminals

Collision Type | Total | Fl | PDO
Single-Vehicle Crashes
Collision with animal 1 0 1
Collision with fixed object 128 19 109
Collision with other object 2 0 2
Collision with parked vehicle 0 0 0
Other SV collision 27 14 13
Total SV crashes 158 33 125
Multiple-Vehicle Crashes
Head-on collision 31 14 17
Angle collision 1428 617 811
Rear-end collision 2592 628 1964
Sideswipe collision 461 39 422
Other MV collision 63 17 46
Total MV crashes 4575 1315 3260
Nonmotorized Crashes
Pedestrian 25 24 1
Bicycle 48 42 6
Total nonmotorized crashes 73 66 7
Total Crashes 4806 1414 3392
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9.3 Safety Performance Functions—Model Development

SPFs for the crossroad ramp terminal ofjattdiamond interchangeere developed using
Equation 57:

Opavas ATLEXIN(##8&E )+ 2XIN k##&6200 (Eq. 57)

Where:

Nspfint =  predicted average crash frequency cfossroad ramp terminal at a tight
diamond interchange with base condition (crashes/year);

AADTwd = AADT on the crossroad (veh/day);

AADTamp = sum of ramp AADTs (veh/day); and

a,b,c = estimated regression coefficients.

The SPFs were developed using NB regression. All data from AZ and UT were used in
developing the SPFs to maximize the sample size. However, separate models for AZ and UT
were first compared and showed consistent¢ywéen the models, which increased confidence
that combining the data was appropriate. STATA 14.2 was used for modeling. The final SPF
models for tight diamond interchange ssmad ramp terminals are shown in

Table 103, and separate SPFs are provided foreiifferash severity Wels—total, FI, and PDO
crashes. Table 103 displays the overdispersion parameter (estimate), standard error, and
significance level (p-value) for the model variables for each severity level.

SPFs for vehicle-pedestrian andhiae-bicycle collisions at casroad ramp terminals of tight
diamond interchanges could not be developgukedestrian and bicycle volumes were not
available. The SPFs predict the average crasfuémcy at the crossroad ramp terminal for all
crash types (i.e., multi-vehicle, SV, pedestrian, and bicyclist) of different injury severities.

Table 103. SPF coefficients for tight diamond intercha nge cross ramp terminals

Crash Severity Parameter Estimate StaE?g)arrd Pr>F Significance Level

Intercept -11.46 2.03 -- --

Total Crashes IN(AADT ) 0.68 0.26 0.008 Significant at 99% level
IN(AADT ramp) 0.71 0.22 0.002 Significant at 99% level
Overdispersion 0.25 0.05 -- --
Intercept -11.90 2.09 -- --

FI Crashes IN(AADT ) 0.50 0.26 0.05 Significant at 95% level
IN(AADT ramp) 0.81 0.22 <0.001 Significant at 99% level
Overdispersion 0.23 0.06 -- --
Intercept -11.99 2.19 -- --
IN(AADT r4) 0.77 0.28 0.006 Significant at 99% level

PDO Crashes IN(AADT camg) 0.63 0.24 0.009 Significant at 99% level
Overdispersion 0.29 0.06 -- --

No base conditions

The estimated SPFs use both the crossroad AAIdTsam of AADTSs on all ramps connected to
the interchange. The natural logtbé years of data was includedaasoffset in all models. The
coefficients for these terms are positive and sieaidy significant (at greater than or equal to

95% confidence level) in ea8PF, although their magnitudes fluctuate between the FI and PDO
models. The crossroad and ramp volume coefficienlisate that as the volumes increase, the
predicted crash frequency increases.
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Before finalizing the models in Table 103, multiple models were developed testing other
variables, such as traffic conttgpe for right turns, number ¢éft-turn lanes, number of right-
turn lanes, number of channelized right tudistance between terminals, number of driveways,
and number of intersections. However, none of the parameters associated with the tested
variables were statistically significant in thedels. The only statisticallyignificant variables,
which were included in the final modeisere the crossroad and ramp AADT.

In addition, CURE plots were developed foe tAPFs to determine aadalyze the functional

form of the models. Separate CURE plots were created for each SPF (i.e., total, FI, and PDO
crashes) and for each independent variéslessroad AADT and ramp AADT). The CURE

plots indicated the model functional forms inbl&103 are fitting baseah the fluctuations of

the residuals around the zero cuative residuals line and basen the cumulative residuals
within the upper and lower bounds.

Figures 78-80 present graphicgbresentations of the SPFs for thiferent crash severity levels
and crossroad and ramp AADTS.

Figure 75. Graphical representation of the SPF for total crashes at crossroad ramp
terminals at tight diamond interchanges
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Figure 76. Graphical representation of the SPF for FI crashes at crossroad ramp terminals
at tight diamond interchanges

Figure 77. Graphical representation of the SPF for PDO crashes
at crossroad ramp terminals  at tight diamond interchanges
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Following the development of the crash predictioodels for crossroad ramp terminals at tight
diamond interchanges, the research team condaotagatibility testing of the new models to
confirm that the new models provide reasonaéseilts over a broad range of input conditions

and that the new models integrate seamlessly with existing intersection crash prediction models
in the first edition of the HSM. The graphicapresentations of the ctaprediction models in

Figures 75-77 provide some sense of the reddenass of the new models for crossroad ramp
terminals at tight diamond interchanges. Noghirom these figures suggests that the models
provide unreasonable results. Figures 78-80 coentber crash prediction models for crossroad

ramp terminals at tight diamond interchanges ¢odfash prediction models from Section 8.3 for
crossroad ramp terminals at diegpoint diamond interchanges amthere are no free-flow right

turns from the exit ramps to the crossroadgidneral, the SPFs for single-point diamond ramp
terminals predict more crashes than the SPFs for tight diamond ramp terminals in higher volume
conditions, and the differences are primadiiywen by the PDO models. In summary, the
comparisons show that the two sets of models appear compatible and provide reasonable results
over the range of applicable traffic volumanditions. The figures do not display the general

ranges of prediction error ancetiefore readers should not put too much emphasis on the relative
positions of predicted average crash frequencies when predictions are close.

Figure 78. Comparison of crash prediction models for total crashes at crossroad ramp
terminals at tight diamond interchanges and single-point diamond interchanges
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Figure 79. Comparison of crash prediction models for FI crashes at crossroad ramp
terminals at tight diamond interchanges and single-point diamond interchanges

Figure 80. Comparison of crash prediction models for PDO crashes at crossroad ramp
terminals at tight diamond interchanges and single-point diamond interchanges
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Table 104 displays the distribution of crashesght diamond interchange crossroad ramp
terminals by severity level. Table 105 dig@dhe distribtion of crashes at tight diamond
interchange crossroad ramp terminals by colisigpe and manner of collision. The data from
all states combined were used to calculate the proportions.

Table 104. Distributions for crash severi  ty level at tight diamond interchange
crossroad ramp terminals

. Percentage of Percentage of
Crash Severity Level Total Crashes Fl Crashes

Fatal 0.08 0.28
Incapacitating injury 1.81 6.15
Non-incapacitating injury 9.68 32.89
Possible injury 17.85 60.68
Total fatal plus injury 29.42

Property-damage-only 70.58

Total 100.0 100.0

Table 105. Distributions for collision type and manner of collision
at tight diamond interchange crossroad ramp terminals

. Percentage of Total Crashes
Collision Type
FI | PDO
SV Crashes

Collision with animal 0.0 0.0
Collision with fixed object 1.3 3.2
Collision with other object 0.0 0.1
Collision with parked vehicle 0.0 0.0
Other SV collision 1.0 0.4

Multiple-Vehicle Crashes
Head-on collision 1.0 0.5
Angle collision 43.6 23.9
Rear-end collision 44.4 57.9
Sideswipe collision 2.8 12.4
Other MV collision 1.2 1.4

Nonmotorized Crashes
Pedestrian 1.7 0.0
Bicycle 3.0 0.2
Total Crashes 100.0 100.0

9.4 Crash Modification Factors

There were no CMFs in the literature that were adaptable to the predictive models for tight
diamond interchange crossroad ramp terminalsy pletential CMFs werexplored during this
analysis using regression moaejj however, none showed statistically significant safety effects.
As with the single-point diamond models, the latlother effects is not necessarily surprising.
Crossroad ramp terminals at tight diamond intenges are relatively similar in some of their
major features and operation (e.qg., left-turn ldonesrossroad to freeway movements developed
in advance of upstream terminal, signalized to operate as single intersection). Sample sizes,
collinearity, and use of aggregataffic volumes (i.e., AADT) didot allow any differences in
safety performance to be detected at final legéldetail (e.g., number of lanes by movement).

208

Copyright National Academy of Sciences. All rights reserved.



Intersection Crash Prediction Methods for the Highway Safety Manual

9.5 Severity Distribution Functions

Development of SDFs was explored for tighdmond interchange crossroad ramp terminals
using methods outlined in Section 2.2.3 of this report. The database used to explore SDFs
consisted of the same crashes and crossroadteamimals as the database used to estimate the
SPFs but restructured so thag thasic observation unit (i.e., databaow) was a crash instead of
a ramp terminal. No traffic or geometric \asles showed consistent, interpretable, and
statistically significaneffects in the SDFs for tightanond interchange crossroad ramp
terminals.

9.6 Summary of Recommended Models for Incorporation in the HSM

In summary, crash prediction models wergaleped for tight diamond interchange crossroad
ramp terminals for consideration in the second edlitif the HSM. The final models presented in
Table 103 for Fl and PDO crashes are recommended for inclusionsedbed edition of the
HSM.

Attempts to develop SDFs for tight diamantkerchange crossroad ramp terminals proved
unsuccessful. The SPFs by severity for tight diamond interchange crossroad ramp terminals
provided in Table 103, combin&dth the severity distributios provided in Table 104, are
recommended for addressing crash severityesetintersection types. The SPFs predict Fl and
PDO crashes separately. Additiod&daggregation of FlI crashes irftdal, incapacitating injury,
non-incapacitating inpty, and possible injury crashes damaccomplished using the severity
distributions prowiled in Table 104.
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Chapter 10.
Conclusions and Recommendations

The following conclusions and recommendatibase been developed in this research:

1. The SPFs presented in this report have ldemeloped consistentith existing methods
in HSM Part C and comprehensive in theidigbto address a wide range of intersection
configurations and traffic control typesraral, urban, and suburban areas. The SPFs
recommended for inclusion in tsecond edition of the HSM include:

Intersections with All-Way Stop Control
€ Four-leg all-way stop-controlled inections on rural two-lane highways
- Total crashes
€ Three-leg all-way stop-contited intersections on ban and suburban arterials

- Fl crashes
- PDO crashes

€ Four-leg all-way stop-controlled intexstions on urban argiburban arterials

- Fl crashes
- PDO crashes

Rural Three-Leg Intersections with Signal Control

€ Three-leg signalized intersectioas rural two-lane highways
- Total crashes

€ Three-leg signalized intersectioas rural multilane highways

- Total crashes
- Fl crashes

Intersections on High-Speed Urban and Suburban Arterials
€ Three-leg stop-controlledtersections on high-speedoan and suburban arterials

- MV total crashes
- MV FI crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

€ Three-leg signalized intersectionstugh-speed urban arsdiburban arterials

- MV total crashes
- MV FlI crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes
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€ Four-leg stop-controlled tarsections on high-speedan and suburban arterials

- MV total crashes
- MV FlI crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

€ Four-leg signalized intersections bigh-speed urban arsdiburban arterials

- MV total crashes
- MV Fl crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

Five-Leg Intersections with Signal Control
€ Five-leg signalized intersections urban and suburban arterials

- MV total crashes
- MV Fl crashes

- MV PDO crashes
- SV total crashes

- SV Fl crashes

- SV PDO crashes

Three-Leg Intersections Where the Through Movement Makes a Turning
Maneuver at the Intersection

€ Three-leg turning intersectiom rural two-lane highways
- Total crashes
€ Three-leg turning intersectiol® urban and suburban arterials

- MV total crashes
- MV FlI crashes

- MV PDO crashes
SV total crashes

- SV PDO crashes

Crossroad Ramp Terminals at Sagle-Point Diamond Interchanges

€ Crossroad ramp terminals at degoint diamoud interchanges

- Fl crashes
- PDO crashes
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Crossroad Ramp Terminals at Tight Diamond Interchanges
€ Crossroad ramp terminals at tight diamond interchanges

- Fl crashes
- PDO crashes

Recommended draft text for inclusion in g8econd edition of the HSM is presented in
Appendix A that incorporates the new drasediction models for the intersection
configurations and traffic control typesveloped as part of this research.

2. Development of SDFs for most of the newensection configurations and traffic control
types was explored for potential use irdmnation with the SPFs to estimate crash
severity as a function of geometric desigeneénts and traffic control features. Due to
challenges and inconsistencies in depang and interpreting the SDFs, it is
recommended for the second edition of the HSM that crash severity for the new
intersection configuratizs and traffic control types l@eldressed in a manner consistent
with existing methods in Chaptel0, 11, and 12 of the first edition of the HSM, without
use of SDFs. Future research should continue to explore thgoraossing approaches
for addressing crash severitythe HSM predictive methods.

3. Crash prediction models could be developed for additional intersection configurations
and traffic control types thatre not addressed in the fieslition of the HSM and were
not developed as part of this reseafatr. example, several additional intersection
configurations and traffic control types fahich crash prediction models could be
developed include:

€ Three-leg intersections with a comriat driveway forming a fourth leg
Intersections with indirect left turns frothe minor road (e.g., U-turns or J-turns)
Intersections with yield or no control

Rural five-leg intersections

Urban and suburban five-leg interseas with minor road stop control
Six-or-more-leg intersections

€ Diverging-diamond ramp terminals

a b dh

4. Future research should be conducted tth&r evaluate approaches to defining
boundaries of an intersection for purposeassiigning crashes to the intersection for
model development. Especially for intersectamfigurations that have a large footprint
such as the crossroad ramp terminal sihgle-point diamond intehange and some of
the new alternative interseati configurations (e.g., divergg-diamond ramp terminals),
a consistent approach for assigning crash@stersections for crash prediction and
comparison of alternative intergen configurations is necessary.
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Chapter 12.

Abbreviations, Acronyms, Initialisms, and Symbols

AASHTO American Association of Stakighway and Trargortation Officials
ANSI American National Standards Institute
CMF crash modification factor

CURE cumulative residual

DOT Department of Transportation

EB EmpiricalBayes

FB Full Bayesian

FHWA Federal Highwg Administration

HSIS Highway Safety Information System
HSM Highway Safety Manual

IHSDM Interactive Highway Safety Design Model
A independence of irkevant alternatives
ISATe Enhanced Interchange Safety Analysis Tool
ITE Institute of Transportation Engineers
LRS linear reference system

MNL multinomial logit

MV multiple-vehicle

NB negativebinomial

NeXTA Network Explorer for Traffic Analysis
NCHRP National Cooperative Highway Research Program
RTM regression-to-the-mean

SDF severity distribution function

SP single-pointliamondinterchange

SPF safety performance function

SV single-vehicle

TD tight diamond interchange

TWLTL two-way left-turn lane

AZ Arizona

CA California

FL Florida

IL lllinois

KY Kentucky

MA Massachusetts

Ml Michigan

MN Minnesota

MO Missouri

NH New Hampshire

NV Nevada

OH Ohio

PA Pennsylvania
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[4%

ne

TN Tennessee

uT Utah

WA Washington

ST stopcontrol

SG signakontrol

3ST three-leg intersections with minor road stop control

3STT three-leg intersection with mor road stop control where through
movement makes turning maneuver

3SG three-legntersectionwith signal control

3aST three-leg intersections with all-way stop control

4ST four-leg intersections with minor road stop control

4SG four-legntersectons with signal control

4aST four-leg intersections with all-way stop control

5SG five-leg intersections with signal control

D3ex three-leg terminals with diagonal exit ramp

D3en three-leg terminals with diagonal entrance ramp

D4 four-leg terminals with diagonal ramps

A4 four-leg terminals at four-quadrant parclo A

B4 four-leg terminals at four-quadrant parclo B

A2 three-leg terminals at two-quadrant parclo A

B2 three-leg terminals at two-quadrant parclo B

K fatal

A incapacitatingnjury

B non-incapacitatingnjury

C possiblanjury

O or PDO property-damage-only

FI fatal-and-injury

| refers to the severity levels predicted by the SDFs in Chapter 19 of th
HSM and takes the value of either&,B, or C; for general discussion
(e.g., Eg. 27 and beyonds$ palues to be determined by the analysis

J all possible injury outcomes for crash

z refers to the severitgrouping predicted by the SPFs in Chapter 19 of tk
HSM; takes the value of either “FI” or “PDO”

m refers to observed crashes at each tataljury severity level as part of
SDF calibration; takes the value of either K, A, B, or C

AADT annual average daily traffic

AAD Tnaj AADT on the major road (veh/day)

AAD Tmin AADT on the minor road (veh/day)

AAD Tiotal AADT on the major and minor roads combined (veh/day)
or
sum of AADhaj, AADTmin, and AADTi (veh/day)

AAD Tt AADT on the fifth leg (veh/day)
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AAD Tmin+if sum of AADhin and AADT: (veh/day)

AADTxrd AADT on the crossroad (veh/day)

AADTin AADT on the crossroad leg between ramps (veh/day)

AADTout AADT on the crossroad leg outside of the interchange (veh/day)
AADTex AADT on the exit ramp (veh/day)

AADTen AADT on the entrance ramp (veh/day)

AADTramp sum of ramp AADTs

TEV total entering volume

PedVol sum of daily pedestrian volumes crossing all intersection legs

(pedestrians/day), only considagicrossing maneuvers immediately
adjacent to the intersection (e.g., al@engnarked crosswalk or the extended
path of any approaching sidewalk)

[ refers to intersection type i

y refers to geometric/traffic control featwevith a CMF

Nexpected expected average crash frequenctamied by combining the predicted
average crash frequendyfedicted With the observed crash frequency
(Nobservea using the EB method

Npredicted predicted average crash frequencyagied using the appropriate SPF

Nobserved observed crash frequency

Npredicted int predicted average crash frequencydorindividual intersection for the
selected yeafcrashes/year)

Nspf int predicted average crash frequency for an intersection with base condjtions
(crashes/year)
or

predicted total average crash frequeatintersection-related crashes for
base conditions (excluding vehicle-pedestrian and vehicle-bicycle
collisions) (crashes/year)

or

predicted average crash frequency of@sroad ramp terminal at a single-
point diamond interchange witkase conditions (crashes/year)

Nbi predicted average crash frequency of an intersection (excluding vehigle-
pedestrian and vehicle-bicycle crashes) (crashes/year)

Noimy predicted average crash frequencydf crashes of an intersection for
base conditions (crashes/year)

Nbisv predicted average crash frequency of @&shes of an intersection for base
conditiongcrashes/year)

Npedi predicted average crash frequency of vehicle-pedestrian crashes of an
intersection (crashes/year)

Nbikei predicted average crash frequencyelhicle-bicycle crashes of an

intersection (crashes/year)
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Noimv(Fr) predicted average crash frequency of MV, FI crashes of an intersection for
base conditions (crashes/year)

Nboimv(total) predicted average crash frequencyiM crashes (all severities) of an
intersection for base conditions (crashes/year)

Nbimv(PDO) predicted average crash frequencyiM, PDO crashes of an intersection
for base conditions (crashes/year)

N’ bimv(F1) preliminary value for predicted averagrash frequency of MV, FI crashes
of an intersection for basmnditions (crashes/year)

N’ bimv(PDO) preliminary value for predicted avage crash frequency of MV, PDO
crashes of an intersection fosise conditions (crashes/year)

Npedbase predicted average crash frequencyelhicle-pedestrian crashes for base
conditions at signalized intgections (crashes/year)

Nspf,w,SGn,at,z predicted average crash frequencyaignal-controlled crossroad ramp

%2}
(¢)]

terminal of site typev (w = D3ex, D3en, D4, A4, B4, A2, or B2) with ba
conditions,n crossroad lanes, all collision types)(and severity (z = Fl,

PDO) (crashes/year)

Nspf,w,ST,at,z predicted average crash frequencyahe-way, stop-edrolled crossroad
ramp terminal of site type (w = D3ex, D3en, D4, A4, B4, A2, B2) with
base conditions, all collision typeat), and severity (z= Fl, PDO)

Np,w(i),x(),at,m,t predicted crash frequency for siteith site typew(i), year t,control type
X(i), for all collision types (gf and severityn (m= K, A, B, C)

Ci calibration factor to adjushe SPF for intersection typéo local
conditions

w weighted adjustment to be placed on the HSM predictive model estimate

Kk overdispersion parameter associated with the SPF

foikei bicycle crash adjustment factor for intersection type

fpedi pedestrian crash adjustméactor for intersection typie

CMFRi crash modification factors spific to intersection typeand specific
geometric design and traffic control featuyes

CMF1p crash modification factor for numbef bus stops within 1,000 ft of the
center of the intersection

CMF2p crash modification factor for presenokone or more schools within 1,000
ft of the center of the intersection

CMF3p crash modification factor for number alicohol sales establishments within
1,000 ft of the centenf the intersection

Nianesx maximum number of traffic lanesossed by a pedestrian, including

through and turning lanes, in anyssing maneuver at the intersection
considering the presence of refuge islandsy(ceiked or depressed
refuges are considered)

exit_free _right | number of exit ramps with fre#ew right turns (0, 1, or 2)

Pni proportion of total crashes for unlightedersections that occur at night
a, b, ¢, d, eand f| estimated regression coefficiemisestimated SDF coefficients

Po.as ac,at,kAB observed probability of a severe crdsé., K, A, or B) for all collision
types @t), all sites &3, and all control typesaf)
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No,w(i),x(i),at,m,t

observed crash frequency for sitgith site typew(i), year t,control type
x(i), for all collision types (3t and severityn (m= K, A, B, C)

refers to year when summing obsehaeash counts for SDF calibration

refers to an individual assh in the general discussion of severity model

ng

refers to a severity level that fallsthin the nest of the nested logit

probability of a fatal crash (given thaffatal or injury crash occurred) for
all ramp terminal sitesaS) based on all collision typest)(and control
typex (x = ST: one-way stop control; Sgngsal control, n-lane crossroa

)

PaS,x,at,A

probability of an incapacitating injuryash (given that a fatal or injury
crash occurred) for atamp terminal sites (aS) based on all collision tyf

(at) and control type (x = ST: one-way stop control; Sgn: signal contral,

n-lane crossroad)

es

PaS,x,at,B

probability of a non-incapacitating injucyash (given that a fatal or injur
crash occurred) for athmp terminal sites (aS) based on all collision tyf

(at) and control type (x = ST: one-way stop control; Sgn: signal contral,

n-lane crossroad)

/
es

PaS,x,at,C

probability of a possible injury crashiygn that a fatal or injury crash
occurred) for all ramp terminal sitesS) based on all collision types)(
and control typex (x = ST: one-way stop control; Sgn: signal control, n-
lane crossroad)

Pk|k+A,as x,at

probability of a fatal crash given that the crash has a severity of either
or incapacitating injury for all ramp terminal sitesS] based on all
collision types @ét) and control type (x = ST: one-way stop control; Sgn
signal control, n-lane crossroad)

fatal

Pp,aS,ac,at,KAB

predicted probability of a severe crdsk., K, A, or B) for all collision
types @t) all sites &S) and all control typesd)

P3sG,at,k

probability of a fatal crash (given thatatal or injury crash occurred) for
three-leg signalized intersectiof&SG) based on all collision types)(

P3sG,at,a

probability of an incapacitating injuryash (given that a fatal or injury
crash occurred) for three-leg sigrzall intersections (3SG) based on all
collision types &t)

P3sG,at,B

probability of a non-incapacitating injucyash (given that a fatal or injur
crash occurred) for three-leg sigrall intersections (3SG) based on all
collision types &t)

P3sG,at,c

probability of a possible injury crashiygn that a fatal or injury crash
occurred) for three-leg signalized irgections (3SG) badeon all collision

types ft)

Pk|kAB,3SG,at

probability of a fatal crash given that tbeash has a severity of either fat
incapacitating injury, onon-incapacitating injury for three-leg signalize
intersections (3SG) based all collision typesdt)

al,

=

PA|kAB,35G,at

probability of an incapacitating injuigrash given that the crash has a
severity of either fatal, incapacitagj injury, or non-incapacitating injury
for three-leg signalized intersectiofSG) based on all collision types)(
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Pax,at,k probability of a fatal crash (given thatfatal or injury crash occurred) for
4-leg intersections4k) based on all collision typeatf and control type
(x = ST: minor road stopontrol; SG: signal control)

Pax,at,A probability of an incapacitating injuryash (given that a fatal or injury
crash occurred) for 4-leg intersectioAs)(based on all collision typeat]
and control typex (x = ST: minor road stop control; SG: signal control)
Pax,at,B probability of a non-incapacitating injugyash (given that a fatal or injury
crash occurred) for 4-leg intersections)(dased on all collision typeatf
and control typex (x = ST: minor road stop control; SG: signal control)
Pax.at,c probability of a possible injury crashiygn that a fatal or injury crash
occurred) for 4-leg intersectiondxj based on all collision typeatf and
control typex (x = ST: minor road stopontrol; SG: signal control)

Pk|kA 4xat probability of a fatal crash given that the crash has a severity of either fatal
or incapacitating injury for 4-leg intersectiodx) based on all collision
types at) and control type (x = ST: minor road stop control; SG: signal
control)

PAlkA 4xat probability of an incapacitating injurgrash given that the crash has a
severity of either fatal or incapaditag injury for 4-leg intersectionglK)
based on all collision typeat] and control type (x = ST: minor road stop
control; SG: signal control)

P:(j) probability of crashr having injury outcom¢

Pr(qlj) probability of crashr having injury outcome, conditioned on the outcome
being in category

Vi systematic component of crash severity likelihood for severity

Vka systematic component of crash severity likelihood for sevigAty

VkaB systematic component of crash severity likelihood for seviEAi

Sr set of linear functions that de@ how injury severity outcomdor crashr
is determined

Xir a row of observed characteristics (e.g., driver, vehicle, roadway,
environment) associated with crastihat have an impact on injury sever|ty
outcomg

i a vector of parameters to be estindateat quantify how the characteristics
in Xjr impact injury severity outconje

7] a disturbance term that@ounts for unobserved and unknown
characteristics of crastthat impact injury severity outcome

LSr “log-sum” or “inclusive value” for thaest (i.e., the expected value of the
linear functions for the outcomes within the nest)

E “log-sum coefficient” to be estimated

Csdf,as x calibration factor to adjust SDF for local conditions for all ramp termingl

sites @S) and control type (x = ST: stop control, g: signal control, n-
lane crossroad)

[p.it protected left-turn opetian indicator variable for crossroad (= 1 if
protected operation ests, 0 otherwise)
ps non-ramp public street leg indicateariable (= 1 if leg is present,
0 otherwise)
liight intersection lighting indicator variable (1 if lightimgypresent, O otherwise)
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Nadw number of unsignalized driveways tre crossroad leg outside of the
interchange and within 2500f the ramp terminal
Nps number of unsignalized public stremgiproaches to the crossroad leg
outside of the intercimge and within 250 ft of the ramp terminal
NmajLTL total number of left-turn lanes on battajor road approaches (0, 1, or 2
Nmajthru total number of through lanes on the major road
NmajRTL total number of right-turn lanes on both major road approaches (0, 1, or 2)
Nsites number of sites
Ne number of years in calibration period
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